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1. INTRODUCTION 
1.1 Object 
The Imperial County Services Building of EI Centro, California 
(Fig. 1.1) was severely damaged during the 15 October 1979 Imperial 
Valley earthquake. The most significant damage sustained by the six-
story reinforced-concrete st~ucture was the material failure Ln four 
east-end columns at ground-level (Fig. 1.2). This event was unique 
because response of the structure as the columns failed during the 
earthquake was recorded by a 13-channel accelerograph system which had 
been installed by the U. S. Geological Survey. The objective of this 
study is to understand how and when the four first-story columns at the 
east end of the Imperial County Services Building failed. The work was 
carried out using-experimental and analytical studies of a small-scale 
test structure and studies of data from the County Services Building. 
1.2 Scope 
A different lateral-foree-resisting system was used in each of the 
two principal directions of the Imperial County Services Building. In 
order to study the dynamic response of the complex structural wall 
system used Ln the N-S direction of the building, a small-scale test 
structure was constructed (Fig. 1.3) and subjected to simulated 
earthquake motions. Details of this study and a related numerical 
study using a nonlinear dynamic two-degree-of-freedom model are 
presented. 
Using results from the small-scale test-structure investigation, 
the structural response of the Imperial County Services Building is 
analyzed with the help of recorded data to estimate forces in columns 
2 
that failed and to develop a hypothesis for the cause and time(s) of 
column failures. 
Chapters 2 and 3 provide detailed descriptions of the Imperial 
County Services Building and of the recorded acceleration response of 
the structure. A description of previous studies of the event is 
included in chapter 4. Chapter 5 provides a transition from the 
discussion of the structure and its response to the small-scale test. 
Details of the small-scale test structure, presentation and discussion 
of the test results, and interpretation of the test-structure response 
using simple nonlinear models are included in chapters 6 through 8. 
Chapter 9 contains the development of a hypothesis for column failures 
and chapter 10 summarizes the investigation. 
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2. DESCRIPTION OF THE IMPERIAL COUNTY 
SERVICES BUILDING 
A brief overall description of the Imperial County Services 
Building will be presented initially in this chapter. Detailed 
descriptions of the vertical-load-carrying system and lateral-force-
resisting systems will follow. Finally, the network of strong-motion 
accelerographs incorporated in the structure will be described. 
2.1 General Information 
The County Services Building (Fig. 1.1) was a six-story, rein-
forced-concrete building, 136 ft 10 in. (41.71 m) by 85 ft 4 in. 
(26.01 m) in plan. A perspective drawing of the building, presented in 
Fig. 2.1, illustrates the "open" nature of the first story. The 
building gives the impression of a "box" supported on "sticks". Non-
structural elements were omitted in Fig. 2.1 in the first story to make 
the number and location of structural walls evident. 
1 Floor plans for the structure (Fig. 2.2) indicate that the 
building was five bays long in the east-west (longitudinal) direction 
and three bays long in the north-south (transverse) direction; regular 
bay lengths of 25 ft (7.62 m) were used in both directions. Story 
heights were not so regular (Fig. 2.3); they measured 14 ft 6 in. 
(4.42 m) above ground level for the first story, 13 ft 6 in. (4.11 m) 
for the second through fifth stories, and 13 ft 2 in. (4.01 m) for the 
sixth story. Story heights were measured from top-of-slab to 
top-of-slab. The distance from the top of the ground slab to the top 
IThe drawings for the building were obtained from Imperial County, 
California. 
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of respective pile caps was 2 ft 2 in. (0.66 m), except at two loca-
tions designated in Fig. 2.2 as E2 and E3 where pile caps were located 
6 ft (1.S3 m) below grade to allow space for an elevator shaft. 
The County Services Building was supported by pile groups connected 
by tie beams. Piles extended from 40 to 45 ft (12.2 to 13.7 m) into 
the soil which was composed primarily of layers of.sand and clay. Com-
position of the foundation material was ascertained from boring logs 
taken at four locations on the building site to depths of 38 ft to 60 
ft (11.6 to lS.3 m). 
The County Services Building was designed in conformance with the 
1967 version of the Uniform Building Code [48]. Typical floors in the 
2 building were designed for live loads of 80 psf (3S00 Pa) to accom-
modate office furnishings., office equipment, and records. The roof was 
designed for a live load of 20 psf (960 Pa). Nominal, 2S-day concrete 
strengths were set at 4000 psi (27.6 MFa) for walls, beams, joists and 
slabs above grade; 5000 psi (34.5 MFa) for columns and prestressed 
piles; 3000 psi (20.7 MFa) for pile caps, tie beams and Raymond 
step-taper piles. Grade 40 steel was used throughout the structure. 
Maximum design soil bearing pressures were 1000 psf (48000 Pa) for dead 
load only, and 1200 psf (57000 Pa) for dead and live load combined. 
2 Copy of 
courtesy 
Angeles. 
the structural calculations was obtained through the 
of Professor L. G. Selna, University of California at Los 
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2.2 Vertical-Load-Carrying System 
2.2.1 Superstructure 
Gravity loads imparted to the structure through slab-joist systems 
were transferred to the foundation through four frames oriented in the 
east-west direction (See Fig. 2.2 and 2.3). Slab-joist systems, which 
spanned in the north-south direction between. frames, were typically 
composed of a 3 in. (0.08 m) . slab cast monolithically with 5.5 by 
14 in. (0.14 by 0.36 m) ribs. Joists were generally spaced at 36 in. 
(0.91 m), and had a clear span of 23 ft (7.01 m). The slab portion of 
the floor system at the first level was 5 in. (0.13 m), and ribs at the 
roof level were 3.5 by 10 in. (0.09 m by 0.34 m). 
Two types of frames, designated as interior and exterior frames, 
were used in the structure. There were two frames of each type. Inte-
rior frames comprised 2 by 2 ft (0.61 m by.0.61 m) columns and 2 ft 
wide by 2 ft 6 in. deep (0.61 by 0.76 m) beams. Exterior frames were 
not so regular. First-story columns were similar in dimension to 
columns in interior frames, but in stories two through six, columns 
were 5 ft 10 in. (1.78 m) wide and tapered from 18 in. deep (0.46 m) to 
10 ~n. deep (0.25 m) over a distance of 4 ft 10 in. (1.47 m). Figure 
2.2 illustrates the shape and orientation of these columns in the 
typical floor plan. Figure 2.4 shows a typical section through one of 
the wide columns. Beams were 2 ft wide by 2 ft 5 in. deep (0~61 m by 
0.74 m) at the first level, 10 in. by 4 ft 5 in. (0.25 m by 1.35 m) at 
levels two through five, and 10 in. by 4 ft 2 in. (0.25 m by 1.27 m) at 
the roof level. Reinforcement ratios for members will be presented in 
the next section. 
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2.2.2 Foundation 
Bases of first-story columns were anchored in pile caps which were 
cast over a group of six, nine or twelve piles. End columns in exte-
rior frames were supported by a group of 12 piles; other columns in 
exterior frames were supported by six. Bases of all first-story 
columns in interior frames were supported by groups of nine piles. 
Raymond step-taper piles, 11 in. (0.28 m) in diameter, or 12 in. 
(0.30 m) square prestressed piles were positioned on 3 ft 6 in. 
(1.07 m) centers and penetrated 45 ft (13.7 m) and 40 ft (12.2 m) below 
the base of the pile cap. Adjacent pile caps were connected by 1 ft by 
1 ft 4 in. (0.30 by 0.41 m) tie beams with 0.8 percent continuous rein-
forcement in both the top and bottom of the section. 
2.3 Lateral-Foree-Resisting Systems 
Two different lateral-foree-resisting systems were used in the two 
principal directions of the structure. Moment-resisting frames were 
used in the longitudinal direction, and structural walls were used in 
the transverse direction. 
below. 
Details of the two systems are presented 
2.3.1 Longitudinal Direction 
As mentioned earlier, the structure was designed in compliance with 
the 1967 edition of the Uniform Building Code (UBC). Interior and 
exterior frames were treated as ductile moment-resisting and moment 
resisting frames, respectively. The lateral force factor (K) for 
determining lateral design forces was taken as 0.67 and 1.0 for the 
interior and exterior frames. Because the engineer elected to use only 
the two interior frames for lateral force resistance, the design base 
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shear coefficient was determined to be 0.04 on the basis of a value of 
0.67 for the factor K. 
In order to be considered a ductile frame system, special detailing 
for ductility was required for the interior frames. Some of the 
details included: limitations on aspect ratios of members; minimum 
percentages of continuous reinforcement at the top and bottom of each 
beam; continuation of column confinement steel through beam-column 
joint cores; special provisions for development of longitudinal steel 
and location and length of splices. One particular detail worth noting 
was the amount and location of confinement provided at the base of 
first-story columns. Typically, No.5 ties spaced at 2· in. (0.5 m) 
with No.3 cross ties were provided from 18 in. inside the pile cap up 
to the ground level (Fig. 2.5). Immediately above the ground level No. 
3 ties with cross ties were provided every 12 in. (0.30 m). Although 
exterior frames were not designed to be ductile frames, some of the 
details used in interior frames, such as joint reinforcement and rein-
forcement continuity, were also used in exterior frames. 
A special feature in both interior and exterior frames was the 0.75 
1n. (0.02 m) recess provided at the base of all first-story columns as 
shown 1n Fig. 2.5. In order to maintain the minimum required cover 
over column steel, longitudinal steel had to be bent inward immediately 
above the ground-slab. The bent longitudinal bars were in a location 
where column ties were spaced at 12 in. (0.30 m). 
Reinforcement ratios for beam and column elements of interior and 
exterior frames are presented in Tables 2.1 and 2.2. Beams and columns 
at the same leve"l or story number are designated by the letters B 
through G as used in Fig. 2.2. Reinforcement ratios for columns were 
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based on gross area calculated from nominal dimensions, whereas beam 
reinforcement ratios were based on width of the section and effective 
depth of longitudinal steel. 
2.3.2 Transverse Direction 
Lateral forces developed in the north-south direction of the 
structure were to be resisted by a structural wall system. The walls 
were located ~n interior bays along lines B, D, E and F in the first 
story (See Fig. 2.2) and at the east and west ends of the structure 
(lines A and H) in stories two through six. Figure 2.2 indicates that 
the end walls (in stories two through six) were positioned 5 ft 11 in. 
(1.80 m) and 30 ft 11 in. (9.42 m) from the nearest first-story walls 
at the west and east ends of the structure. The resulting wall config-
uration contained a discontinuity at the first level in the form of a 
stagger in the plane of vertical stiffness. The need for a diaphragm 
to transfer forces from the end wall to first-story walls was 
apparently recognized because a thicker slab (5 in.) was provided at 
the first level. First-story walls were 1 ft (0.30 m) thick while end 
walls were 7.5 in. (0.19 m) thick in the second story and 7 in. 
(0.18 m) thick in stories three through six. End walls differed in 
that the east wall was 85 ft 4 in. (26.01 m) wide while the west wall 
was in two segments that were 44 ft (13.41 m) and 33 ft 4 in. (10.16 m) 
wide. The two sections were tied together at each level by 6 ft 2 in. 
deep by 10 in. wide (1.88 by 0.25 m) coupling beams that spanned 8 ft 
(2.44 m). End walls were reinforced by one curtain of steel and first 
story walls were reinforced by two. 
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The structural system used in the transvers'e direction was con-
sidered a Hbox system" for determining lateral design forces. The 
lateral force factor associated with the box system was 1.33 and 
resulted in a design base shear coefficient of 0.085. 
Resistance to lateral forces in the transverse direction offered by 
columns and slab-joist systems was not considered in the design. 
However, reinforcement ratios for columns and 'slab-joist systems are 
presented in Table 2.3 for later reference. Slab-joists and columns 
will be identified by level or story numbers and combinations of the 
letters B through G and the numbers 1 through 4 as used in Fig. 2.2. 
2.4 Data Acquisition System 
The County Services Building was originally instrumented with a 
nine-channel Kinemetrics CRA-l accelerograph system in May, 1976 as 
part of the California Strong-Motion Instrumentation Program [39]. The 
system was upgraded to a I3-channel accelerograph system and a triaxial 
Kinemetrics SMA-l accelerograph following the review of the strong~ 
motion records obtained by the original system during the 4 November, 
1976 Imperial Valley Earthquake. The I3-channel system consisted of 
the following: nine single-axis force-balance accelerometers (FBA-I) 
above ground level; a horizontal starter (RS-Q) at roof level; a 
force-balance accelerometer, a triaxial force-balance acceleromete'r 
(FBA-3), a l3-channel central recording unit (CRA-I), and a vertical 
starter (VS-I) at ground level [39]. 
Locations and orientation of the accelerometers'are represented by 
vectors on floor plans and building elevations in Fig. 2.6. The number 
associated with each vector corresponds with the trace number as 
recorded by the central recording unit. These numbers will be used 
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later to identify response records. Accelerometers one through four 
were attached to the bottom side of the slab-joist system at the sixth 
level, and five through 13 were attached to the top sides of appro-
priate slabs. The horizontal starter was mounted parallel and adjacent 
to accelerometer number four, and the vertical starter was adjacent to 
the triaxial accelerometer at ground level [11] (Fig. 2.6). The 
instrument was mounted on a 4 by 4 ft (1.22 by 1.22 m) concrete pad. 
Instrument locations were selected to provide measurements of 
torsional building response, in-plane bending response of floor dia-
phragms, translational response and interstory response in the longi-
tudinal and transverse directio differential horizontal ground movement 
[39], as well as provide free-field measurements for comparison with 
ground-level measurements influenced by soil-structure interaction. 
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3. RESPONSE OF THE IMPERIAL COUNTY SERVICES BUILDING 
This chapter describes the response of the Imperial County Services 
Building to the 15 October 1979 Imperial Valley Earthquake. 
3.1 Types of Data 
Acceleration histories, Fourier amplitude spectra, observations of 
structural damage, and acceleration and displacement spectra for 
measured ground-level motions are presentedo In addition, base-shear 
and base-moment response are calculated from story acceleration 
measurements and their interpolations. 
3.1.1 Response Histories 
Acceleration response of the County Services Building was recorded 
continuously on photographic film by a 13-channel central recording 
unit (See Section 2.4). Response records were digitized and corrected 
according to procedures described by Porter [38]. Final response wave-
forms were in excess of 58 sec. in duration, however, only the initial 
18 sec. of response will be presented here. An example of an acceler-
ation waveform can be found in Fig. 3.11. 
Acceleration response measurements were intended to reflect tor-
sional response, translational response, and interstory response of the 
building, as well as differential ground-level movement [39]. Location 
and orientation of strong-motion accelerographs used to measure the 
acceleration response were described in Section 2.4 and illustrated 1n 
Fig. 2.6. 
Estimates of base shear and moment responses were made for both the 
longitudinal and transverse directions of the structure using appro-
priate acceleration response records, mass at each floor level, and 
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mass heights as input. Base shear response in either direction was 
calculated by summing the product of mass and acceleration response for 
each floor. Base moment response in the longitudinal (E-W) direction 
was the sum of the product of mass, acceleration response, and mass 
height for each floor. Base moment response in the transverse (N-S) 
direction was computed separately for the west half and east half of 
the structure in order to check the "symmetry" of response and to have 
the option of using measurements made at the east end for evaluating 
phenomena observed at that end. The algorithm was the same as that 
used in the longitudinal direction, except floor masses were reduced by 
one-half. No secondary effects, such as P-delta moments, were con-
sidered in the estimate of base~oment response. Base level was 
assumed to be at the top of the ground slab or ground level. 
Acceleration response was not measured at every level in either 
principal direction of the structure, and at some levels, acceleration 
response was measured in more than one location. In order to calculate 
base shear and moment responses, some assumptions had to be made about 
the distribution of lateral accelerations along the height of the 
structure. In the transverse direction, where response was measured at 
three locations on the first and sixth levels (Fig. 2.6), an average of 
the three responses was used in the calculation of shear response. 
East-end response was averaged with response at the center of the 
structure and west-end response was averaged with center response at 
levels one and six for calculation of base moment for the east and west 
halves of the structure. Accelerations at levels where no response was 
measured were linearly interpolated from measured response quantities 
(or averages of measured response quantities). For example, 
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fifth-level acceleration response in the longitudinal direction was 
assumed to be the sum of the measured fourth-level acceleration re-
sponse and 67.2 percent of the difference between measured sixth-level 
and third-level acceleration response. The 67.2 percent figure was the 
ratio of the sum of fourth and fifth-story heights to the sum of fourth 
through sixth-story heights. Story heights were measured from 
top-of-slab to top-of-slab. Floor masses were taken from struc-
tural-calculation sheets. Mass heights were taken as the distance from 
the base to the center of mass of respective floors. Heights were not 
the same in the transverse and longitudinal directions because cross 
sections (and centers of mass) were not the same in both directions. 
Mass heights and quantities ar~ tabulated in Table 3.1 for both 
directions. 
Positive senses of measured acceleration responses were assumed to 
be north and east in the transverse and longitudinal directions. 
Positive senses of lateral forces were determined using d'Alembert's 
principle. Positive lateral forces resulted in positive increases in 
base-shear and base-moment responses. Free-field response measurements 
were made at ground level approximately 340 ft (104 m) east of the 
structure. Measurements of response were made by a triaxial SMA-1 
accelerograph and were recorded continuously on photographic film just 
as response of the County Services Building was. Figure 2.6 gives the 
location and orientation of the triaxial accelerograph unit. 
3.1.2 Frequency Content of Response Histories 
Fourier amplitude spectra were used to exhibit frequency content of 
response waveforms. As interpreted by Hausner [20], the Fourier ampli-
tude spectrum represents the final energy in a simple oscillator, as a 
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function of the frequency of an oscillator, subjected to a base motion. 
Peak values for particular frequencies indicate the frequencies at 
which large amounts of energy were put into the oscillator by the base 
motion. When a response waveform is analyzed by this procedure the 
Fourier amplitude spectrum does not reflect the frequencies at which 
energy is put into the system; it expresses the frequencies at which a 
level of the structure is responding. When Fourier amplitude spectra 
(FAS) are used to analyze r~sponse histories for a number of locations 
in a structure, they may pro,vide information for developing insight 
into the overall behavior of the structure. 
Some Fourier amplitude spectra are presented in Fig. 3.17 for 
acceleration response. The vertical scale of each spectrum is not 
labeled because amplitudes have been normalized with respect to the 
maximum amplitude of each spectrum. 
3.1.3 Response Spectra 
Response spectra presented in this chapter exhibit the maximum 
acceleration and displacement response of a linear, viscously damped, 
single-degree-of-freedom oscillator to ground-level acceleration 
responses, measured at or near the County Services Building, for a 
range of oscillator frequencies (periods). Spectra were calculated 
from damping factors of 0.0, 0.02, 0.05, 0.10, and 0.20. Examples of 
acceleration and displacement spectra for damping factors of 0.02, 
Oe05, 0.10, and 0.20 can be found in Fig. 3.6. 
Response spectra were determined by solving the convolution inte-
gral [47] many times over--each time for a different combination of 
frequency value and viscous damping ratio. The maximum response value 
for each solution of the convolution integral was retained. Response 
15 
spectra were constructed by plotting response maxima as a function of 
frequency (or period) then connecting the response points of the same 
damping factor. 
3.1.4 Observed Damage 
Structural damage sustained by the County Services Building during 
the 15 October 1979 Imperial Valley Earthquake is described in this 
chapter. Consideration of location and severity of damage may aid in 
interpreting the measured, response of the structure. 
3.2 Measured Response 
The measured acceleration response of the Imperial County Services 
Building (IeSB) and measured base motions are presented in this 
section. Estimates of base-shear and moment response are given for the 
transverse and longitudinal directions. Frequency content of waveforms 
is presented in the form of Fourier amplitude spectra (FAS). Base 
motions are compared through FAS, acceleration and displacement spec-
tra, and spectrum intensities. In addition, the condition of the 
structure before and after the earthquake will be described. 
Terms which are used precisely when discussing a modal analysis of 
an invariant system will occasionally be used in the remainder of this 
chapter to describe and discuss the response of the ICSB. Use of these 
terms is not meant to imply that the stiffness properties of the struc-
ture were Dot changing. The terms are used because they are convenient 
for describing trends in the response of the structure that resemble 
theoretical constructs in a modal analysis. The term "mode" refers to 
a particular relationship between response quantities at various levels 
of the structure. The "fundamental mode" or "first mode", as used 
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here, refers to the response comprising a group of harmonic frequencies 
around the lowest predominant response frequency identified in Fourier 
amplitude spectra for the top-level response. For frame or frame-wall 
type structures, first mode generally implies that response quantities 
have the same sign at each level and response increases with distance 
from the base. Higher modes of translational response are usually 
characterized by one or more changes in the sign of the response quan-
tity along the height of the structure. 
3.2.1 Condition of Structure Before Earthquake 
The condition of the lCSB before the 15 October 1979 earthquake can 
be described by the apparent fundamental frequency of vibration asso-
ciated with the transverse and longitudinal directions of the struc-
ture. Fundamental frequencies were determined from ambient vibration 
tests conducted by Pardoen [35]. The frequencies associated with the 
transverse and longitudinal directions of the structure were reported 
to be 2.24 and 1.55 Hz, respectively. 
Apparent first-mode frequencies determined before the 15 October 
1979 earthquake were compared with response frequencies inferred from 
response records to estimate the change in transverse and longitudinal 
stiffnesses. The comparison will be presented later in the chapter. 
3.2.2 Ground-Level Motions 
Measured motions at the ground-level of the lCSB are presented in 
Fig. 3.1. Ground-level motions were measured in the vertical, east-
west and north-south directions at the east end of the structure, and 
in the north-south direction at the west end of the structure. Wave-
forms in Fig. 3.1 are differentiated by the caption associated with 
each record. Direction is indicated by "N-S", "E-W" or "VERT" 
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(vertical). Location of the measurement is specified by "EAST END", or 
"WEST END". Each caption also contains a trace number enclosed in 
parentheses. The trace number was the location of the raw response 
waveform on the film record, relative to other waveforms. Trace 
numbers were preserved in Fig. 2.6, providing a source of location and 
direction information for accelerograph measurements. 
Maximum ground accelerations in the north-south direction at the 
east and west ends of. the structure were 0.29 and 0.~4g at 6.51 and 
6.48 sec., respectively. Peak acceleration in the east-west direction 
was 0.33g at 7.79 sec., and the maximum vertical acceleration was 0.18g 
at 5.86 sec. Maximum ground-level accelerations and the time of each 
maximum are listed in Table 3.2. The region of "strong shaking" (the 
interval of first· and iast occurrence of accelerations exceeding O.lg) 
1n the north-south direction was approximately 5.7 sec. in duration 
(from 5.4 to 11.1 sec.). In th~ east-west direction the interval of 
strong shaking was approximately 5.4 sec. in duration (from 5.2 to 10.6 
sec.). 
Acceleration records in the north-south direction appeared similar. 
Superposition of the two records (bottom waveform in Fig. 3.13) indi-
cated that shapes of waveforms were quite similar, but amplitudes of 
the west waveform were in general larger. 
Fourier amplitude spectra (Fig. 3.2) indicated that the predominant 
frequencies for ground-level acceleration records were 0.74 Hz for 
north-south (N-S) motion, 0.68 Hz for east-west (E-W) motion, and 0.54 
Hz for vertical motion. Fourier amplitude spectra for N-S acceleration 
records were very similar, which was consistent with the similar 
appearance of both N-S waveforms. Amplitude spectra also indicated 
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that the N-S motions contained more high-frequency components than the 
E-W base motion. 
Free-field acceleration records are presented in Fig. 3.3 Captions 
accompanying the waveforms imply that measurements were made in the 
N-S, E-W, and vertical directions. Horizontal measurements were 
actually oriented at N02E and N92E, or two degrees clockwise from the 
directions used here. Peak accelerations for the N-S, E-W, and 
vertical free-field records were 0.21, 0.24, and 0.24g at 9.02, 7.82, 
and 5.17 sec. This information is tabulated in Table 3.2. 
Frequency content of free-field records is displayed in Fig. 3.4. 
Predominant frequencies for the N-S, E-W, and vertical records were 
0.74, 0.68, and 8.3 Hz, respectively. The prevalent frequencies for 
the horizontal free-field waveforms were the same as for ground-level 
records at the lCSB. Moreover, FAS for N-S acceleration records were 
similar for frequencies below 1.5 Hz; FAS for E-W records showed simi-
lar variations for frequencies below 2.0 Hz. Amplitude spectra for 
horizontal free-field records generally displayed lower amplitudes for 
frequencies greater than 2.0 Hz. The vertical free-field record 
appeared to contain larger-amplitude, high-frequency components than 
the vertical record at the ICSB, especially in the range of frequencies 
from 6.0 to 12.0 Hz. 
Superpositions of north-south and east-west ground-level motions 
from the lCSB and the free-field locations are presented in Fig. 3.5. 
The comparisons illustrate that E-W records were more similar than N-S 
records, which ~s consistent with the comparisons made between FAS. 
The superposed waveforms also indicated that the horizontal 
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ground-level accelerations were generally larger in both directions at 
the ICSB than the ground-level accelerations at the free-field site. 
Acceleration and displacement response spectra for horizontal 
ground-level accelerations are presented in Fig. 3.6 to 3.10. 
Acceleration spectra for records from the leSB exhibited little simi-
larity to acceleration spectra for free-field records. More speci-
fically, maximum amplification of the ground-level response (con-
sidering curves for ten percent damping) occurred around 4.5 and 3 Hz 
for N-5 and E-W records at the IeSB and around 2 and 1.5 Hz for the N-S 
and E-W free-field records. Displacement spectra for E-W motions 
appeared to be similar. Displacement spectra for N-S motions were 
similar in shape below approximately 1.3 Hz. 
Instead of comparing the response spectra ordinate by ordinate, it 
was much more convenient to compare a single parameter associated with 
each base motion that described the intensity of each motion. Spectrum 
intensity (S1) [18], defined as the area under a velocity response-
spectrum curve between periods equal to 0.1 and 2.5 sec. was used here. 
Spectrum intensities for the five horizontal, ground-level acceleration 
records are presented in Table 3.3 for damping factors of 0.0, 0.02, 
0.05, 0.10, and 0.20. Intensities for records at the IeSB were all 
greater than those computed for free-field records, as one might expect 
from comparisons of waveforms and Fourier amplitude spectra made 
earlier. The most intense motions were in the N-S direction at the 
ground level of the leSB. The S1 value (at ten percent damping) for 
the N-5 motion at the east end of the IC5B was eight percent greater 
than the 51 for the E-W motion at the same location and 19 percent 
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greater than the SI for the N-S free-field motion. Intensity values 
(at ten percent damping) for the E-W motions differed by ten percent. 
Horizontal ground motions at the base of the ICSB were stronger 
than motions at the free-field site. This was supported by higher peak 
accelerations (Table 3.2) and spectrum intensities (Table 3.3) for the 
1CSB base motions than for the free-field motions. The higher inten-
sities for 1CSB base motions were reflected by larger-amplitude, high 
frequency components in ICSB motions as illustrated in Fig. 3.2 and 
3.4. 
Some similarities existed in ICSB motions and free-field motions. 
Fourier amplitude spectra (Fig. 3.2 and 3.4) indicated that predominant 
frequencies were the same for related horizontal base motions. Dis-
placement spectra ,(Fig. 3.6 to 3.10) were similar for E-W motions and 
for N-S motions below 1.3 Hz. 
Superposition of N-S and E-W motions from the two sites (Fig. 3.5) 
indicated that E-W motions were more alike than N-S motions. This 
observation was strengthened by FAS which showed similarity of ampli-
tudes below 2. Hz for the E-W motions and below 1.5 Hz for N-S motions. 
Amplitudes corresponding with frequencies above 2. Hz were higher for 
ICSB motions than for free-field motions. 
North-south motions at the base of the structure were stronger 
(more intense) than the E-W motion; spectrum intensities were higher 
for N-S motions, and Fourier amplitudes were generally larger above 
2. Hz. 
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3.2.3 ICSB Response Histories and Frequency Content of Response 
Acceleration response and estimates of base-shear and moment 
response are presented in this section. Frequency content of response 
records are given in the form of' Fourier amplitude spectra, and are 
also estimated from response' waveforms during intervals of steady-
state-like response. 
Acceleration records are accompanied by a caption that indicates 
the level where the measQrement was made, the direction of the response 
measurement, which end of the. structure the measurement was made (east, 
west,or center), and the trace number. The trace number not only re-
flects the location of the response record on the original film record 
but also corresponds with a direction and location in Fig. 2.6. 
Acceleration response in the transverse (N-S) direction at the east 
and west ends of the structure is presented in Fig. 3.11 and 3.12. 
Ground-level acceleration. response was included in the two figures to 
illustrate the similarity of ground-level and first-level response. 
Peak acceleration response at the top level of the structure was 0.58 
and O.54g at the east and west ends of the structure. Peak response 
occurred at 8.96 and 9.19 sec. respectively. Table 3.4 contains the 
measured acceleration responses along the height of the structure at 
the time of maximum top-level response at the east end, west end, and 
center of the structure. Measured maximum acceleration response at 
levels one and six at the east and west ends and center of the struc-
ture, and the time of maximum response, are listed in Table 3.5. 
Response waveforms from the same level of the structure appeared 
similar, although strict comparisons revealed some differences. Super-
position of roof-level (sixth-level) records and superposition of first 
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level records (Fig. 3.13, which also includes response at the center of 
the floor) indicated that response was nearly identical up to 8.3 sec. 
into the earthquake. However, for approximately two seconds that 
followed, the top-level response at· the east end of the structure 
lagged behind the west end by as much as 0.1 sec., and at approximately 
9.7 sec., response at the east end was more than double the response at 
the west end, despite the similarity between ground-level motions 
during that time. Superposed waveforms from the first level also 
illustrated discrepancies betweep response at the east and west ends of 
the structure during the same interval mentioned above. During that 
interval, response records were either out of phase or amplitudes 
differed by as much as a factor of two. The response record at the 
east end of the structure at level one also contained a "spike" of 
0.65g at 11.27 sec. This peak acceleration was accompanied by a 0.30g 
peak response ~n the opposite direction at the east end of the sixth 
(roof) level. Response measurements made at the center of the struc-
ture (traces two and eight) did not represent the average of the east 
and west-end responses, nor did they reflect characteristics of just 
the east-end or west-end response. 
First-level and sixth-level N-S responses are superposed in 
Fig. 3.15 for the west line, center line, and east line of instruments. 
The figures indicate that the leSB responded at times in what appeared 
to be a higher mode of response as characterized by top-level and 
first-level accelerations being out of phase. Top-level response was 
dominated by first-mode behavior, especially in the region of strongest 
response. The apparent frequency for the first-mode response during 
the interval of high response was approximately 1.7 Hz. First-level 
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response appeared to be dominated by higher modes. The periodic 
response around 10.5 sec. had an apparent frequency of 3.3 Hz. 
The initial 18 sec. of E-W response of the County Services Building 
is presented in Fig. 3.14. Peak acceleration response at the roof 
level was 0.45g at 10.99 sec. Response accelerations at the first, 
third, and roof levels at the time of maximum top-level response are 
presented in Table 3.4. Maximum acceleration response at those levels 
and times of response are presented in Table 3.5. 
All response waveforms displayed what appeared to be second~ode 
response up to 6.8 sec. into the earthquake. Top-level and third-level 
acceleration response waveforms depicted what appeared to be predom-
inantly first-mode response with some high-frequency components after 
6.8 sec., but fundamental response at the first-level was concealed by 
high-frequency response. The apparent frequency of the first and 
second-mode response was estimated from the waveforms to be approx-
imately 0.65 and 2.7 Hz. East-west acceleration response records from 
the leSB are superposed in Fig. 3.16. The figure demonstrates that 
acceleration response at the first and third levels were in phase 
before 6.8 sec. and both records were out of phase with the sixth-level 
response, which is consistent with second-mode response for a typical 
structural frame system. Fig. 3.16 also brings to view the fact that 
lateral distributions of force (which were related to lateral accel-
erations) rarely resembled the inverted triangular force distribution 
that was used to proportion the frame system in the longitudinal 
direction. 
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Frequency content of acceleration response histories from the 
County Services Building are presented in Fig. 3.17, 3.18, and 3.19. 
The predominant frequency of response for the west end of the structure 
in the N-S direction was 1.65, Hz which was nearly the same as the 
frequency estimated earlier from the response waveforms (Fig. 3.11 and 
3.12). At the east end, the predominant frequency was approximately 
1.0 Hz. Sprectra for first-level responses were similar to spectra for 
ground-level motions, as ,expected, and as a result the peak Fourier 
amplitude occurred at approximat,ely the same frequency for the base-
level motion and first-level response. It also followed that Fourier 
amplitudes associated with high frequencies were 
smaller at the top level than at the first level. 
proportionately 
Fourier amplitude' spectra for the E-W acceleration records 
(Fig. 3.19) illustrated that the peak Fourier amplitude occurred at a 
frequency of 0.61 Hz for all records. This frequency corresponded 
reasonably well with the 0.65 Hz frequency estimated from an E-W accel-
eration response history (Fig. 3.14). Fourier' amplitUdes were quite 
small above 1.0 Hz for third-level and sixth-level response. The 
spectrum for the first-level response was quite different from the 
spectrum for the ground-level motion, unlike the FAS for N-S response. 
Predominant frequencies described by the Fourier amplitude spectra 
for the N-S direction at the east and west ends of the structure and 
the E-W direction were 45, 74, and 39 percent of the corresponding fre-
quencies determined by ambient vibration tests before the earthquake 
[35]. The changes in frequency corresponded with 80, 45, and 85 
percent reductions in stiffness. Frequencies associated with the 
undamaged structure were determined from extremely low-amplitude 
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vibrations, while response frequencies inferred from response waveforms 
and FAS were related to large-amplitude vibrations. 
Methods used for estimating base-shear and base-moment response 
were described in Section 3.1.1. Response histories for estimates of 
N-S base-shear coefficient, and N-S base-level moments for the east and 
west halves of the structure are presented in Fig. 3.20. Maximum base-
shear coefficient, and maximum base moments for the east and west 
halves were 0.31, 10800~ kip-ft, and 107000 kip-ft at 8.25, 8.91, and 
8.23 sec. The measured base-~hear coefficient was approximately 3.6 
times larger than the design base-shear coefficient. The maximum 
base-shear coefficient, base moments and occurrence times are included 
~n Table 3.2. Shear and moment waveforms resembled inverted top-level 
acceleration waveforms "except high frequency components were not as 
evident. Combination of acceleration histories to obtain shear and 
moment waveforms resulted in a relative reduction of high-frequency 
components. 
Response histories for shear and moment response were mostly 
similar up to 12 sec. The apparent frequency of response after 12 sec. 
for the west base-moment history was higher than the apparent frequency 
observed 1D the base-shear or east base-moment histories. A dramatic 
change in response frequency during the interval of highest response 
was observed in base-shear and base-moment responses at approximately 
9.2 sec. 
Fourier amplitude spectra for shear and moment responses are 
presented in Fig. 3.22. The spectrum for the base shear response 
resembled the spectrum for the east-end, first-level acceleration 
response below 2. Hz (Fig. 3.17) except that the peak amplitude 
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occurred at approximately 1.02 Hz instead of 0.73 Hz. Amplitudes 
corresponding with frequencies greater than 2. Hz were less for shear 
response than for acceleration response. The amplitude spectrum for 
the east-half, base-moment response was similar to that for the 
top-level acceleration response at the east end (Fig. 3.17). Fre-
quencies corresponding with peak Fourier amplitudes for the east and 
west-half base moments were nearly the same as predominant frequencies 
for east and west top-Ievel.acceleration responses. 
Estimates of base-shear cpefficient and base-moment response 
histories for the longitudinal direction are presented in Fig. 3.21. 
Peak base-shear coefficient and base moment were 0.24 and 174000 kip-ft 
at 10.19 and 10.95 seconds. The measured base-shear coefficient was 
six times larger than the design base-shear coefficient. Maximum 
base-shear coefficient, base moment and corresponding times are 
included with other base maxima in Table 3.2. Shear and moment wave-
forms appeared to be dominated by first-mode response. In fact, the 
apparent second-mode response observed around six sec. in acceleration 
histories (Fig. 3.14) was not evident in shear and moment waveforms, 
nor were high frequency components prominent as in acceleration wave-
forms. Fourier amplitude spectra for the shear and moment waveforms 
are presented in Fig. 3.23. Amplitude spectra were similar and 
resembled FAS for top-level acceleration response below 1.5 Hz. Ampli-
tudes associated with frequencies above 1.5 Hz were small compared with 
amplitudes found in FAS for acceleration response. 
Response in the longitudinal (E-W) and transverse (N-S) directions 
of the structure were distinctly different. The apparent response fre-
quencies in the N-S and E-W directions (Fig. 3.11, 3.12 and 3.14) 
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during the interval of high response were 1.7 and 0.65 Hz. High-
amplitude respons'e in the N-S direction subsided at approximately 10.5 
sec. but continued up to 14. sec. in the E-W direction. 
High frequency response, or higher mode response was evident in 
both principal directions (Fig. 3.15 and 3.16). The structure re-
sponded in the E-W direction in the second mode of response up to 6.8 
sec. then shifted abruptly to primarily a fundamental mode of response 
with some higher-mode components. Vertical distributions of lateral 
forces in the longitudinal ,direction (which were directly related to 
accelerations) rarely resembled the inverted triangular load distri-
bution that was used to proportion the system. Deviations from the 
idealized loading were probably the result of contributions from higher 
modes of response. 
Trends demonstrated by N-S response waveforms at the east and west 
ends of the structure were consistent with damage sustained at the east 
end. Acceleration waveforms (Fig. 3.13) indicated that the east and 
west ends of the structure were translating in phase (reaching peaks at 
the same instant) up to 8.3 seconds. During the interval from 8.3 to 
11.3 sec. the east-end response lagged sometimes behind the west-end 
response by as much as 0.1 sec., although responses appeared nearly in 
phase during the interval. The east-end response following the west-
end response was consistent with softening of the east end of the 
structure. The effect of damage at the east end of the structure was 
more pronounced in N-S response waveforms after 11.3 sec.; response 
frequencies at the east end were significantly lower than response fre-
quencies at the west end. 
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Frequency content of top-level responses, reflected through Fourier 
amplitude spectra (Fig. 3.17 and 3.18), concurred with the above obser-
vations; predominant frequencies were 1.0 and 1.65 Hz at the east and 
west ends of the structure. Comparison of these frequencies with the 
appropriate 
implied 80 
frequency obtained from ambient vibration tests [35] 
and 45 percent reductions in transverse stiffness at the 
east and west ends of the structure. 
Longitudinal (E-W) acce~eration response also indicated reductions 
in stiffness in the long directi.on of the structure. Comparison of the 
predominant frequency of response during the earthquake with the fre-
quency obtained from ambient vibration tests indicated an 85 percent 
reduction in lateral stiffness occurred during the earthquake. 
Estimates of base-shear and base-level moment response in the two 
principal directions (Fig. 3.20 and 3.21) resembled top-level accel-
eration responses with fewer contributions from higher modes of 
response. The combination of acceleration responses from different 
levels to obtain base-shear and moment responses resulted in relative 
reduction of high-frequency components of response. Predominant fre-
quencies for base-shear and moment waveforms were nearly the same as 
frequencies for related top-level acceleration waveforms. 
Base-shear and moment response for the transverse direction illu-
strated a dramatic change in frequency of response at approximately 9.1 
sec. This abrupt change in periodicity of response was not as evident 
1n acceleration waveforms because the response was disguised by 
higher-mode components of response. The source of this abrupt change 
in frequency of response will be revealed in Chapter Nine. 
29 
Comparison of measured maximum base shears in the N-S and E-W di-
rections with design base shears showed that peak responses were 3.6 
and six times the design values in the N-S and E-W directions. 
3.2.4 Description of Structural Damage 
Structural damage sustained by the Imperial County Services 
Building during the 15 October 1979 earthquake is related here from 
reports by individuals who visited E1 Centro, California following the 
earthquake. 
Major structural damage was concentrated at the east end of the 
structure where columns along line G (Fig. 2.2) were crushed at the 
ground level (Fig. 1.2). Columns shortened approximately 9 in. (0.2 m) 
during the main shock and 3 in. (0.08 m) during the strongest after-
shock. 
Crushing of columns was accompanied by buckling of longitudinal 
steel and spreading of ties [39,40,51]. The settlement caused yielding 
of beams in the east bay of the structure as indicated by large visible 
cracks near the east side of columns along line F (Fig. 2.2) at the top 
of the floor slabs [26,40,51]. The cracking in the east bay was con-
sistent with settlement of the east end of the structure. Minor 
cracking of concrete, consistent with movement in the longitudinal di-
rection, was observed in all columns beneath first-level beams and in 
some columns at ground level. Spalling of concrete was also observed 
at top and/or bottom of same columns [39,40,51]. 
Later investigations revealed diagonal cracks in first-story 
columns near the ground level, diagonal cracks in floor diaphragms 
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(floor slabs), and minor cracking along horizontal construction joints 
and diagonal tension cracks in endwalls (walls above the first story) 
[40] • 
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4. SUMMARY OF PREVIOUS STUDIES 
This chapter is included to provide a brief summary of published 
evaluations of the behavior of the Imperial County Services Building 
during the 15 October 1979 Imperial Valley earthquake. In addition, 
some investigations not used in this study but dealing with the County 
Services Building are. noted. 
Investigations aimed at determining the cause of failure of four 
columns in the County Services Building were generally of two types: 
those which interpreted the sequence of events leading to failure from 
measured response histories and/or observed damage; and those which 
pursued an analytical model to arrive at an explanation for the 
failure. Rojahn and Mork (39], Rojahn and Ragsdale (40], Housner and 
Jennings (19], Arnold (5], and Wosser et ale [51], were involved in 
studies of the first type. Rojahn and Mork, Rojahn and Ragsdale, and 
Housner and Jennings interpreted the sudden change in response fre-
quency in the longitudinal (E-W) direction at approximately 6.8 sec. 
was an indication of yielding in first-story columns. However, Housner 
and Jennings note that the relatively high apparent frequency up to 
that time is associated with the second mode of the structure in the 
E-W direction. Rojahn [39,40] interpreted the spike in transverse 
(N-S) acceleration records near 11 sec. to correspond with failure of 
the four east columns. Opinions on what caused the column failures 
differed. Rojahn and Mork reported that N-S response probably caused 
weakening of the four east columns, but flexure due to E-W response and 
axial loads generated by E-W overturning were primarily responsible for 
column failure. Wosser et al., concluded that high axial loads due to 
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overturning in both the N-S and E-W directions as well· as flexural 
yielding of columns due to frame action in the longitudinal direction 
caused failure of the columns. Arnold reported that columns were 
crushed directly as a result of N-S overturning moments. 
Relative displacement analyses were performed by Rojahn and Mork, 
[39] and by Hart et ale [15]. No details of the analyses are presented 
here. Displacement records computed from measured acceleration records 
were not included in this report. 
Numerical models were used by Shepherd and Plunkett [43], and Moss, 
Carr and· Pardoen [30] to interpret the behavior of lateral-force-
resisting systems before speculating on the cause for column failure. 
Shepherd and Plunkett used a three-dimensional finite element model to 
perfor:m an elastic response history analysis of the structure, then 
incorporated a yield surface that considered the combined effects of 
biaxial bending and axial load in a second analysis to allow nonlinear 
response of the four first-story columns at the east end of the 
structure. All other members in the structure were assumed elastic. 
The model was subjected to the three orthogonal ground-level components 
of motion measured at the east end of the building. Shepherd and 
Plunkett determined that corner columns at the east end of the struc-
ture sustained high axial loads as a result of overturning in the N-S 
direction. They concluded that corner columns yielded as a result of 
reduced moment capacity resulting from high axial tension loads. 
However, no explanation was rendered to explain the significance of 
tensile yield in relation to the material failure of corner columns. 
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Moss et al., used planar finite element models to conduct nonlinear 
response history analyses of the N-S and E-W directions of the County 
Services Building. End walls and columns above the first level were 
assumed to remain elastic. All beams and first-story columns were 
assumed to have bilinear moment-curvature relationships. Column yield 
was dictated by approximate interaction diagrams. The model used to 
investigate the E-W frame system was subjected to the N-S component of 
the 18 May 1940 Imperial· Valley earthquake, the E-W free-field motion, 
and the E-W ground-level motion measured at the east end of the County 
Services Building on 15 October 1979. The N-S model was subjected to 
the N-S free-field motion of 15 October 1979. Moss, Carr and Pardoen 
concluded that corner columns at the east end of the structure were 
"heavily" loaded by the N-S component of the 
also stated that the N-S loading of the 
1979 earthquake. They 
structure and the poor 
placement of the ground slab above the closely-spaced confinement steel 
probably resulted in failure of the corner columns. 
The County Services Building was considered in another study 
conducted by Saiidi [42]. In that investigation, the structure and the 
measured response of 15 October 1979 were used to determine whether the 
response of an unsymmetric structure could be predicted by planar non-
linear models. The investigation was not conducted to explain the 
response of the County Services Building. 
The failure mechanism of a completed building in an earthquake is 
seldom simple because local overstress is often the result of complex 
interactions among responses in different directions, foundation and 
building, and structure and nonstructural elements. It is not sur-
prising therefore that despite the existence of acceleration data and 
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despite the evidence provided by the material failure of·the columns, 
opinion on the cause of failure is not uniform. 
Housner and Jennings do not comment specifically on the cause of 
failure of the columns. It is fair· to conclude that all but one of the 
remaining evaluations assign major influence to axial loads on the 
columns. But within this set, opinion varies significantly. While 
most attribute the failure to axial compression combined with bending, 
at least one study implies bending failure due to reduced axial 
compression. 
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5. PRELIMINARY ANALYSIS OF COLUMN FORCES 
In order to develop a preliminary hypothesis for the failure mecha-" 
nism of the building, maximum forces in the east-end first-story 
columns of the Imperial County Services Building will be estimated and 
evaluated with the help of axial load-moment interaction diagrams for 
the column sections. 
5.1 Determination of Forces in East-End Columns 
Axial loads and moments in the east-west direction for first-story 
columns at ground level were determined for selected instances during 
the earthquake response. Response times corresponding "with maximum 
east-west base-shear response and maximum north-south base-level moment 
(for the east half of the structure) were considered. 
Moments at ground level of first-story columns were determined from 
a linear, cracked-section analysis of interior and exterior frames. 
The base of frames was assumed to be at ground level. Frames were 
loaded horizontally in the strong direction with an inverted triangular 
load distribution of arbitrary magnitude. East-west base moments for 
east-end columns were determined for E-W base shear estimated in 
Section 3.1.1. 
Axial force increases (above static loads) in east-end columns were 
assumed to result from overturning effects in the transverse eN-S) 
direction. Lateral forces developed in the N-S direction were assumed 
to be transferred through stiff floor diaphragms to the end walls at 
each end of the structure. Forces were transferred down the end walls 
to the first-level slab which acted as a diaphragm (Fig. 5.1). Forces 
were transmitted by diaphragm action to the interior of the structure 
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where they were passed to the foundation through structural walls. 
However, moments developed along the height of the structure at the 
east end probably were not transferred to the foundation along the same 
path. The first-level floor system at the east end was flexible when 
twisted about the longitudinal (E-W) axis. As a result, moments were 
not transmitted from the east end wall to interior first-story walls. 
Instead, the east-end moments were resisted principally by axial forces 
developed in east-end columns (Fig. 5.2). This behavior was not dupli-
cated at the west end of the structure because the flexibility of the 
first-level floor system about the longitudinal axis was much lower 
than for the east end; end walls and nearest first-story walls were 
separated by approximately six ft (1.8 m) instead of 31 ft (9.4 m) 
(Fig. 2.2). 
Axial forces in east-end columns we're calculated by assuming the 
entire base moment for the east half of the structure to have been 
resisted by east-end columns, and by assuming that the four east-end 
columns could be treated as a single reinforced-concrete column 
section. Different linear strain distributions were imposed on the 
section of four columns (Fig. 5.3) until the vertical static load and 
desired base moment were determined for a common strain distribution. 
Tributary vertical load on the four east-end columns was 2190 kips 
(9740 kN). Individual column loads were calculated for the strain dic-
tated at the center of each column by the strain distribution imposed 
on the section of four columns. 
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Steel and concrete properties [17] were modeled by the curves shown 
in Fig. 5.4. Stresses and strains needed to define the curves in 
F · 5 4 k f f N 11' . b 1 ~g. • were ta en rom tests a a o. re1nforc1ng ar that was 
removed from the severely damaged column at the northeast corner of the 
structure and from tests on three 6 by 12 in. (0.15 by 0.30 m) concrete 
cores extracted from the other severely damaged corner column [25]. 
The parameters used to describe the material models are listed in Table 
5.1. 
Estimates of base moments and axial loads for the two instances 
described earlier are listed in Table 5.2 for interior and exterior 
columns at the east end of the structure. 
5.2 Moment-Load Interaction 
Moment-load interaction diagrams for exterior and interior first-
story, east-end columns are presented in Fig. 5.5. The moment compo-
nent of each diagram corresponds with bending in the longitudinal (E-W) 
direction of the structure. Moment-load limits were determined using 
the material models presented in Fig. 5.4. 
Estimates of E-W base-moment and axial-load response for east-end 
columns at 8.91 and 10.19 sec. (Table 5.2) were plotted on the inter-
action diagrams in Fig. 5.5. The position of response points relative 
to the assumed failure envelopes indicated the following: 
1 . . Stress-stra1n propert1es 
obtained from Professor 
Los Angeles. 
for the No. 11 reinforcing bar were 
L. G. Selna, University of California at 
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1. Axial loads in exterior columns resulting from N-S overturning 
were above the balance point.2 
2. Without enhancement of axial loads by N-S overturning, base 
moments at 10.19 sec. would have been outside the failure enve-
lope in a region associated with flexural failure. 
3. Increases in axial loads resulting from N-S overturning 
"pushed" the base-moment response at 10.19 sec. for the inte-
rior column up inside the failure envelope, and pushed the re-
sponse for the exterior column through the envelope into a 
region associated with compression failure (above the balance 
point and outside the failure envelope). 
The relation of moment-force response points to the failure enve-
lopes (Fig. 5.5) and the observations enumerated above suggested that 
increases in axial forces due to N-S overturning of the structure 
influenced how east-end columns failed. Increases in axial forces may 
have prevented flexural-type failures, but caused a compression-type 
failure. Because the compression-type failure is less ductile, and 
because the axial force increases were generated by N-S response of an 
unconventional structural system (structural walls with large offsets 
between vertical stiffneas planes), additional study of the N-S 
lateral-foree-resisting system was warranted. 
2The balance point represents the axial load-moment capacity 
corresponding with simultaneous failure of concrete and yielding of 
extreme tensile reinforcement. 
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A small-scale reinforced-concrete, planar test structure was 
constructed to investigate the nonlinear dynamic response of a struc-
tural system with horizontal offsets in vertical planes of stiffness 
(staggered walls). Description of the small-scale test structure, 
results of simulated earthquake tests, and related studies are 
presented in chapters 6 through 8. 
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6 • EXPERIMENTAL PROGRAM 
This chapter describes the formulation, design and testing sequence 
of a SJmall-scale, reinforced-concrete structure with lateral stiffness 
discontinuities in vertical planes of the structure. Previous experi-
mental investigations [1,4,16,27,28,34] have demonstrated that small-
scale structural models can be used effectively to study the dynamic 
response of reinforced concrete structural systems provided problems of 
shear, bond, and cracking do not dominate response phenomena being 
studied. 
6.1 Development of Conceptual Model 
The Imperial County Services Building in El Centro, California, had 
a lateral-foree-resisting system in the north-south direction which may 
be classified as a "staggered-wall" system: the walls in the first 
story were not ~n the same plane as the walls in the upper stories. 
Details of this structural system were presented in chapter 5. 
The interaction between two walls of a "staggered shear-wall 
system" is represented by a conceptual model presented in Fig. 6.1. 
The model is composed of two structural units connected by axially-
rigid, infinitely-flexible links. The left unit is made up of a 
"stiff" plate perched atop four columns while the right unit is fash-
ioned out of a six-story, three-bay frame with a structural wall 
included in the interior bay of the first story. Notice that if a lat-
eral load distribution ~s applied to the left structural unit, shear 
forces are transferred from the plate in the left unit to the wall in 
the right unit, but moments developed in the left unit (particularly at 
the top of the four columns) do not pass to the shear wall in the right 
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unit. This arrangement represents an idealized conceptual model of the 
system used for resisting north-south lateral forces in the east end of 
the County Services Building. A similar model for the west end would 
differ from the one shown in that it would have a wall in the center 
bay of structural unit A. 
6.2 Small-Scale Test Structure 
A small-scale, reinforced-concrete test structure was designed to 
represent the conceptual model of a staggered structural-wall system. 
The structure was built to test how well the conceptual model repre-
sented the interaction between offset walls and to make general obser-
vations of the behavior of a staggered structural-wall system subjected 
to earthquake-induced loads. 
Figures 6.2 and 6.3 illustrate the small-scale test structure. The 
assemblage was a two-dimensional planar model consisting of one central 
structural unit <interior unit) representing unit A in Fig. 6.1 
sandwiched between two identical structural units (exterior units) 
representing unit B. The interior unit was made up of a six-story, 
three-bay frame and two very stiff reinforced concrete plates attached 
to each side of the frame. The plates were mounted parallel to the 
plane of the frame. Each plate spanned all bays and rose from the top 
of the first story to roof level. Exterior units were six-story, 
three-bay frames with a structural wall located in the interior bay of 
the first story. All structural units were supported at the base by 
stiff girders. The structural units were assembled on the platform of 
the earthquake simulator in parallel as shown in Fig. 6.2. 
Frame-wall units, the intOerior frame and the two reinforced con-
crete plates were cast "horizontally", with the plane of the unit 
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oriented horizontally. After hardening of the concrete, frame-wall 
units and the interior frame were lifted into a vertical position so 
base girders could be cast around the columns of each assembly. 
Frame-walls and the interior frame were set aside to cure before 
testing. The reinforced concrete plates were suspended in a vertical 
position and were also allowed to cure before testing. The interior 
structural unit and exterior units were placed on the earthquake simu-
lator with the strong axis of each oriented parallel to the direction 
of simulator movement. 
Frames, walls and plates were fabricated using small-scale concrete 
and ffinall-diameter steel bars (wire). Mean concrete strengths for the 
three structural units ranged from 4890 psi to 5330 psi (33.7 to 36.8 
MFa). Continuous longitudinal reinforcement for beams and columns was 
No. 10 gage wire (diameter = 0.135 in. or 3.43 mm). First-story walls 
were reinforced with No. 20 gage wire (diameter = 0.035 in. or 0.88 mm) 
and plates were reinforced with No. 19 gage wire welded into a 
0.5 in. (12.7 rom) mesh. Mean yield stresses of the No. 10 gage wire 
varied from 49.1 ksi to 50.1 ksi (339 to 345 MFa) for the three frames. 
Mean yield stress of the No. 20 gage wire was 84'.0 ksi (579 MPa). 
Yield stress for the No. 19 gage wire used in the reinforced concrete 
plates was not determined. No. 16 gage wire was used as transverse 
reinforcement in all beams and columns. Individual closed stirrups and 
cross-ties were provided in first-story columns. Heli~al (spiral) 
reinforcement was used for all other beam and column transverse 
reinforcement. Anchorage was provided at the ends of longitudinal beam 
reinforcement in exterior beam-column joints. Steel plates were welded 
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to the ends of longitudinal reinforcing bars after bending the 
reinforcing bars up (or down) into the column. 
Two masses of approximately 1070 lbs each (486kg) were attached at 
each level of the structure (Fig. 6.2) to develop "reasonably" large 
inertia forces during simulated earthquake tests and to reduce the 
apparent fundamental frequency of the test structure into a range that 
could be excited by the earthquake simulator. Story masses and connec-
tions were designed" so that all dead load was carried by the interior 
structural unit (the rationale for this to be provided in the next sec-
tion) and as a result, cablei were attached to each story mass and the 
story mass above and below (or the base girder for the fi~st level) to 
restrain the system against falling (overturning) in the weak direction 
of the structure. Story masses were attached to exterior structural 
units in such a way that only horizontal loads (inertia forces) were 
transferred to exterior units. Connection of story masses and struc-
tural units was such that displacements were nearly the same for any 
given story level, and mass centers coincided with story levels. Story 
masses were constructed of concrete and reinforcing bars surrounded by 
a band of steel plate. Details of the connections between the masses 
and the structural units are described in Appendix A. 
The test structure was instrumented with 19 accelerometers, 15 dis-
placement transducers (LVDT's), and two sets of strain gages (Fig. 
A.6). Accelerometers were used to measure base accelerations, accel-
erations of all story masses in the direction of loading, transverse 
and torsional accelerations at the top of the structure, and vertical 
accelerations at each end of a first-level mass. LVDT's measured base 
displacements, relative displacements of each story mass, and changes 
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in length of exterior first-story columns in the center (interior) 
frame. Strain gages were attached to the same columns to measure 
changes in strain. Elec~rical signals transmitted from instruments and 
gages during tests were recorded on analog tape. 
Details of material tests, construction of the test structure, and 
instrumentation and data acquisition are presented in Appendix A. 
6.3 Design of Small-Scale Test Structure 
6.3.1 Proportioning of Structural Units 
As was mentioned earlier, the small-scale test structure config-
uration was selected not only to investigate the behavior of a stag-
gered structural-wall system but to look particularly at the wall 
system expressed by the east end· of the Imperial County Services 
Building. In keeping with that purpose, structural units were propor-
tioned to have similar distributions of lateral stiffness as the 
portion of the County Services Building that was being represented~ 
Specifically, the north-south lateral stiffness of the east half of the 
building was intended to be represented by the small-scale structure. 
Each frame of the small structure represented an "equivalent" frame in 
the County Services Building. The word "equivalent" is used because 
floor systems were not provided between frames in the model structure 
as in the prototype structure (County Services Building). Instead, 
beams were proportioned to represent the effective flexural stiffness 
of the slab-joist floor system that acted in the north-south direction 
of the County Services Building. The equivalent frames were also 
lIordered" differently than in the prototype. The open interior bay in 
the first story (east half) of the County Services Building was located 
at the east end of the structure. In the small-scale structure, it was 
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located in the interior frame so that first-story walls were situated 
in exterior frames to preserve symmetry. Similarly, the cantilevered 
end-wall in the prototype was represented by two stiff plates can-
tilevered away from the interior frame in the model. Two plates were 
used instead of one to preserve symmetry in the direction of loading of 
the planar model. In effect, one may think of the small-scale 
structure as the east half of the County Services Building "turned 
inside-out". 
In general, member dimensions in the prototype structure were 
scaled down by a factor of twelve to arrive at member dimensions for 
the small-scale structure. However, in the interest of ease and cost 
of construction, proportions of exterior, "elongated" columns (See Fig. 
2.2) above the first story were not modeled. Small differences in 
lateral stiffnesses of the columns· used and correctly proportioned 
columns were insignificant, considering the lateral stiffness above the 
first story of the small structure was dominated by the large 
structural plates. Member dimensions for the small-scale structure are 
presented in Fig. 6.3 and 6.4. 
The small-scale structure was built to approximately one-twelfth 
scale for the following reasons: 
1. A larger structure would not fit on the earthquake simulator 
2. It could be excited to the desired level of response by the 
earthquake simulator 
3. Dimensions expressed in units of feet for the prototype 
structure convert directly to units of inches 
4. Reinforcement could be assembled with common tools and relative 
ease. 
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6.3.2 Reinforcement Schedules 
In general, reinforcement ratios for beams and columns were nearly 
the same as those in columns and effective portions of slab-joist 
systems in the prototype structure. No. 10 gage wire was used for all 
longitudinal reinforcement to simplify the construction process, so 
reinforcement ratios were only as close to desired ratios as different 
numbers of No. 10 gage bars would permit. Percentages of longitudinal 
reinforcement for beams and columns are presented in Table 6.1~ The 
quantities ~n Table 6.1 for the test structure may be compared with 
those for the prototype given in Table 2.3. Note the change in longi-
tudinal reinforcement between the fourth and fifth floor ·ofexterior 
columns; half of the bars were terminated 3 in. (76.2 mm) above the top 
of the fifth-floor beams. First-story wall reinforcement ratios for 
vertical and horizontal reinforcement were 0.0019 and 0.0025, respec-
tively. The large reinforced concrete plates were overreinforced with 
a 0.5 in. (12.7 mm) grid of No. 19 gage wire to preclude a shear-type 
failure. The amount of reinforcement used in the east end-wall of the 
County Services Building was not modeled. 
6.3.3 Reinforcement Details 
Details of frame, wall and plate reinforcement are presented ~n 
Fig. 6.4. Anchorage details are also presented in that figure. 
As mentioned earlier, longitudinal reinforcement for beams and 
columns was continuous. Anchorage for all longitudinal steel was pro-
vided by mechanical anchors. Longitudinal beam reinforcement was ex-
tended into the core of exterior beam-column joints and was bent 90 
degrees away from its respective beam-face. Three-eighths in. (9.5 mm) 
dia. by one-sixteenth in. thick (1.6 mm) anchors were welded onto the 
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bars flong 2 in. (38.1 - 50.8 mm) past the 90 degree bend. Longi-
tudinal column reinforcement was extended 7.5 in. (191 mm) into base 
girders and was welded to 3 by 3 by one-eighth in. (76.2 x 76.2 x 3.2 
rom) plates. 
Steel curtains for first-story walls were extended 3 in. (76.2 mm) 
or 86 wire diameters into base girders to provide anchorage. 
Confinement in frame joint cores was provided in part by transverse 
beam reinforcement that extended through joint cores and by No. 16 
gage, 1.25 in. (31.8 mm) dia. spiral reinforcement that was inserted 
normal to the plane of the frames. Confinement of first-story columns 
was effected by No. 16 gage wire hoops at 1 in. (25.4 mm) spacing from 
the top of the base girder to 3.75 in. (95.3 mm) from the bottom of the 
first-level 'beam (Fig. 6.4). The remainder of the column core was en-
closed in regular helical reinforcement. Exterior columns which had 
eight longitudinal reinforcement bars had cross-ties in addition to 
hoop reinforcement. 
6.3.4 Story Masses 
Two 1070 lb. (485 kg) weights were attached at each level of the 
structure. The weights were supported by the interior structural unit 
and only horizontal loads (inertia forces) were transferred to the 
exterior frame-wall units. The amount of mass attached to the test 
structure was primarily dependent on the vertical load capacity of the 
earthquake simulator, the available space on the simulator platform, 
the lateral stiffness of the test structure, and the desired amount of 
dead load in the columns. Vertical load capacity of the simulator con-
trolled the amount of mass used, and the amount of dead load in the 
columns dictated the manner in which story masses were attached to the 
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test structure. Details of the connections used to attach masses to 
structural units are presented in Appendix A. 
6.3.5 Base Motions 
Because a primary objective of this test 
insight into the behavior of the east 
Services Building, it seems fitting that 
program was to provide 
end of the Imperial County 
the small-scale structure 
should be excited ,by a base motion that resembles the north-south 
motion measured at the east end of the County Services Building at the 
base. However, for such a motion to be used, it must first be "tuned" 
so that it is compatible with the test structure: the apparent funda-
mental frequency of the test structure should bear the' same rela-
tionship to the response spectrum for the tuned base motion as did the 
fundamental frequency of the prototype to the response spectrum for the 
measured motion. Response spectra fora 'base motion can be shifted up 
or down on the frequency scale by compressing or expanding the time 
scale of the base motion. For this investigation the time scale was 
compressed by a factor of five for the first earthquake simulation and 
a factor of 2.5 for the second simulation. 
A modification had to be made on the tuned base motion before it 
could be used on the earthquake simulator. Large-amplitude, 
long-period displacement components were filtered from the motion so 
that the earthquake simulator platform would not travel beyond the dis-
placement limitations when the base motion was amplified to excite the 
structure into the nonlinear response range. Components with frequen-
cies not exceeding 1.5 Hz were filtered from the tuned base motion by 
passing the waveform through a Krohn-Rite Ultra-Low Frequency Rejection 
Filter (Model 350-A) as the motion was sent to the earthquake 
49 
simulator. The shapes of the tuned base motion and the filtered motion 
are presented in Fig. 6.5. Although small differences in amplitudes 
exist, it is difficult to see any variations between the two motions. 
Fourier amplitude spectra for the tuned motion and filtered motion are 
presented in Fig. 6.6. The spectra indicate the relative frequency 
content of each motion. Notice that the amplitudes of frequencies 
above approximately 1.5 Hz are identical for both motions but that 
below 1.5 Hz the amplitudes are reduced, or "rolled off", to zero for 
the filtered motion. 
The peak acceleration was scaled to approximately 1.Sg for the 
initial earthquake simulation. 
6.4 Testing Procedure 
The small-scale test structure was subjected to the following 
sequence of tests: 
1. Free Vibration Test 
2. Simulated Earthquake Test 
3. Free Vibration Test 
4. Simulated Earthquake Test. 
The free vibration test consisted of displacing the top level of 
the test structure by hanging a 200-1b mass from a cable-and-pulley 
system, then suddenly releasing tpe mass by cutting the cable. A sche-
matic of the free vibration test apparatus is presented in Fig. 6.7. 
During a simulated earthquake test, the structure was subjected to 
a unidirectional base motion parallel to the strong axis of the 
structure. {Details of the base motion used were presented in the 
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previous section.) Before and after each simulated earthquake, crack 
locations, crack widths, and locations of spalling of the concrete were 
recorded. 
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7 • RESPONSE OF SMALL-SCALE TEST STRUCTURE ' 
This chapter presents data used to measure the response of the 
small-scale test structure during free vibration tests and simulated 
earthquake tests. Data acquisition and conditioning of data are also 
described. 
7.1 Types of Data 
Acceleration and displacement histories, Fourier amplitude spectra, 
distributions of respo~se over height of structure and 'crack patterns 
are presented in this chapter. In addition, 'data collection and pro-
cessing procedures are described. 
7.1.1 Response Histories 
Response of the test structure during free vibration tests and 
simulated earthquake tests was recorded continuously. Examples of 
response histories, or response waveforms for each type of test are 
presented ~n Fig. 7.1 and 7.9~ Note that each waveform describes the 
changes in the response quantity (acceleration in these samples) during 
each test. The following response quantities were measured during the 
simulated earthquake tests: 
1. Relative horizontal displacements and absolute horizontal 
accelerations at each level of the structure. 
2. Absolute displacements and accelerations of the testing plat-
form in the direction of applied loading. 
3. Axial strains and elongations of exterior columns in the 
interior structural unit of the structure (Fig. 7.18). 
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4. Vertical accelerations of the west end of the north first-level 
mass and the east end of the south first-level mass. 
5. Transverse accelerations of the east and west ends of the top 
level of the structure. 
Only top-level horizontal acceleration response was measured during 
free vibration tests. All acceleration measurements were absolute. 
Base accelerations were measured at the top of all base girders. 
Displacement response of th.e testing platform was measured relative to 
the strong floor of the structur~l research laboratory. Story-level 
displacements for the test structure were measured relative to a W2l x 
57 structural s~eel section that was designed to act as a reference 
frame. The steel section was positioned vertically with the strong 
axis of the section parallel to the direction of loading of the struc-
ture (Fig. A.I). The base was fastened to the testing platform with 
eight 0.75 in., nominal diameter, structural grade bolts. 
The reference frame was designed so its motion would not pollute 
displacement data during simulated earthquake tests. 
Response quantities were measured by linear voltage differential 
transformers (LVDT's), accelerometers and strain gages, and were trans-
mitted as continuous voltages to four analog tape recorders. Mechan-
ica1 and electrical calibrations of instruments were also recorded on 
analog tapes. Fourteen channels were available on each analog tape for 
recording of data. Because of inherent differences in the tape speed 
in each recorder, the first channel of each tape was used to record the 
input motion to the earthquake simulator so that a common waveform 
could be used to synchronize starting and stopping points of response 
waveforms on different analog tapes. A description of the recorded 
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events was included on channel 14 of each tape to aid in the data 
reduction process. Response data transmitted from the instruments was 
organized on the remaining 12 channels of each analog tape so that 
responses which were likely to be compared would be recorded on the 
same analog tape to guarantee synchronization of the data. For 
instance, accelerations measured at each level of the north side of the 
structure were recorded on the same tape as the base acceleration 
measured on the to~ of the north base girder. The organization of 
instruments on the analog tapes is presented in Fig. A.8~ 
Mechanical and electrical calibration data, zero response levels, 
free-vibration response data, and simulated earthquake response data on 
analog tapes were digitized at a rate of 200 points per second. 
Digital data was stored on nine-track digital tape to allow further 
processing by a digital computer. Digitized voltage responses which 
represented response of the test structure were calibrated mechan-
ically. Electrical calibrations were used to monitor the electrical 
data acquisition system and were used to modify calibration factors 
when changes in the data collection system were detected. Mechanical 
calibrations for LVDT's and accelerometers were determined approxi-
mately one hour before any structural response was recorded by 
measuring a known quantity with each of the instruments. More details 
on the data acquisition and reduction process are presented in Appendix 
A. 
As mentioned earlier, the steel reference frames were designed to 
displace very little as compared with test structure displacements when 
subjected to the simulated earthquake motions. However, plots of 
displacement response during the first simulated earthquake were 
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dominated by spurious displacement components as shown in Fig. B.l. 
Similar components were evident in displacement waveforms from the 
second simulation but were not as pronounced as in the first simulation 
(Fig. B.1). Analysis of the problem indicated that the steel reference 
frame rotated about its base during earthquake simulations and 
contributed to the displacement response measured by LVDT's at each 
level. Poor fixity at the base of the reference frame apparently 
caused the steel member to be excited to a significant level by base 
motion components with corr~sponding frequencies around 15 Hz, instead 
of frequencies near 100 Hz as designed. Contributions by the reference 
frame to measured displacement responses were removed by a filtering 
process. The development of the process is described in Appendix B. 
Only the outline of the filtering operation will be presented here. 
Filtering of displacement waveforms was performed by a digital 
filter in the frequency domain. The integral part of the filter was a 
discrete Fast Fourier Transform. Displacement response histories were 
transformed by the Fast Fourier Transform from the time domain (the 
"natural" state of displacement versus time) to the frequency domain 
where each waveform was represented by harmonic frequency components 
with amplitudes reflecting the relative contribution of each component 
to the waveform. While in the frequency domain, amplitudes of harmonic 
frequencies greater-than or equal-to 10.45 Hz were set to zero and 
amplitudes of harmonic frequencies between 9.5 and 10.45 Hz were 
multiplied by a factor that varied linearly from one to zero between 
9.5 and 10.45 Hz (Fig. B.2). Finally the modified (or factored) dis-
placement response represented in the frequency domain was transformed 
by the Fast Fourier Transform back to the time domain. The resulting 
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waveform was a filtered displacement response history. The filtering 
frequency was determined by comparing displacement histories integrated 
from acceleration data and those obtained from filtered displacement 
data as described in Appendix B. 
Shear and moment response waveforms were determined for each story 
or level of the structure using horizontal acceleration and dis-
placement response histories, story masses, and story heights as input. 
Lateral forces at 'each level were determined from the product of the 
mass and horizontal acceleration at each level. Story shear responses 
were determined by summing lateral force responses from each level 
above the story of interest. Moment responses at each level included 
primary moments due to lateral forces and secondary moments resulting 
from P-delta effects. For example, the primary moment waveform was 
determined at the fifth level of the structure to be the sixth-story 
shear response multiplied by the story height. The P-delta contri-
bution to the total moment response at the fifth-level was the product 
of the vertical load above the fifth-level and the sixth-floor inter-
story drift response. The contribution of primary moment response to 
total moment response at a lower level was the product of the shear 
response and corresponding story height for the story immediately above 
the level of interest. The P-delta moment contribution at a lower 
level was the product of the vertical load above the level and the 
interstory drift of the story just above the level. Interstory drifts 
were calculated from filtered displacement response waveforms. Accel-
eration response at each level was shifted ahead 0.004 seconds (80 
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percent of one time-interval between digitized data) to correct for a 
phase lag that was introduced by the data acquistion system [22,29]. 
Positive senses of horizontal accelerations and displacements were 
in the east direction (Fig. A.6). Positive values for strain and 
column shortening response at the east and west end of the structure 
indicated compression in the instrumented east and west first-story 
columns. Downward acceleration of the ends of first-level masses was 
denoted by positive acceleration response values. Positive senses of 
lateral forces were determined using d'Alembert's principle. Positive 
lateral forces resulted in positive increases in shears, and positive 
shears yielded positive increases in moments. 
7.1.2 Frequency Content of Response Histories 
The Fourier rumplitude spectrum was used to display the frequency 
content of response waveforms. 
Some examples of FAS for acceleration response are presented in 
Fig. 7.13. Note that the vertical scale is not labeled and that the 
maximum value of any ordinate is one. The amplitudes of each spectrum 
that is presented here have been normalized with respect to the maximum 
amplitude of that spectrum. 
7 .1 .3 Response Spectra 
The reponse spectra presented here exhibit the maximum acceleration 
and displacement response of a linear, damped, single-degree-of-freedom 
oscillator to simulated earthquake motions for a range of oscillator 
frequencies (periods). Examples of acceleration and displacement spec-
tra can be found in Fig. 7.6. Responses were calculated for damping 
factors of 0.0, 0.02, 0.05, 0.10 and 0.20. Spectra for damping factors 
of 0.02, 0.05, 0.10 and 0.20 are presented here. 
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7.1.4 Response Distributions 
The position of the test structure and the distribution of forces 
acting on it at any time during a simulated earthquake response can be 
illustrated by distributions of displacements, lateral forces, shears 
and moments along the height of the structure. Response distributions 
were obtained by "slicing" through displacement, acceleration, shear, 
and moment response histories for each level at the "desired time during 
an earthquake simulation. Some response distributions are shown in 
Fig. 7.24. 
7.1.5 Crack Patterns 
Visible cracks on the outer face of exterior structural units and 
reinforced concrete plates were marked before and after each simulated 
earthquake test. Crack patterns were recorded on sketches of exterior 
structural units and plates as shown in Fig. 7.2 and 7.3. Figure 7.3 
also contains the images of six masses positioned in front of the 
reinforced concrete plate. The masses were included in the figures to 
indicate to the reader that cracks could not be marked behind the 
masses because of the closeness of the masses to the plates. 
Crack patterns recorded before the first earthquake simulation were 
used to indicate damage sustained by the structural units during 
assembly of the structure or to indicate cracks resulting from 
shrinkage of the concrete. Crack patterns recorded following a 
simulated earthquake test were used to identify locations of damage 
that occurred in the structure. Moreover, widths of cracks, along with 
crack locations, may aid in interpreting the response of the structure 
during simulated earthquake tests. 
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7.2 Test Results 
The response of the reinforce'd concrete test structure to free 
vibration tests and simulated earthquake tests is presented in this 
section through response histories,Fourier amplitude spectra, and 
crack patterns. Response histories and spectra are also presented for 
simulated earthquake motions. 
A typical set of response waveforms for the small-scale structure 
is presented ~n Fig. 7.8. Each waveform has an identifying title 
accompanying it. Consider ~he title for the response history at the 
top of the page which reads, 
TEST ICSBM / SIXTH-LEVEL ACCELERATION (A6N), G / RUN 1. 
The text preceding the first delimiter "/" is the abbreviation for the 
name given the test structure which was Imperial County Services 
Building Model. The material between the two delimiters is the 
location and type of response, the' instrument name enclosed in 
parentheses, and the units th~t ~he response is presented in. The key 
for the instrument name abbrev'iations is located in Appendix A. A 
direction ~s substituted for· the instrument name when shear and moment 
responses are presented~ The direction denotes the face of the 
structure for which the quantities were determined. The text following 
, . 
the second slash deno'tes the number of the simulated earthqua~e tests. 
For instance, "RUN 1" signifies the first earthquake simulation, and 
"RUN 2", the second simulation. 
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7.2.1 First Earthquake Simulation 
(a) Condition of Structure Before Testing 
Crack patterns and free-vibration response were used to assess the 
condition of the reinforced concrete structure before the first 
simulated earthquake test. 
The initial three seconds of the acceleration response during the 
free vibration test and the filtered acceleration response (harmonics 
above 20 Hz were removed) are presented in Fig. 7.1. The Fourier 
amplitude spectrmn for the response is also presented to illustrate the 
frequency content of the unfiltered acceleration response and to iden-
tify frequencies associated with different modes of response for "small 
amplitude" vibrations. The two lowest modal frequencies appear to be 
approximately 12.7 Hz and 34 Hz. These two frequencies are 75 and 39 
percent of the frequencies calculate4 for the first two translational 
modes of an analytical model patterned after the idealized model in 
Fig. 6.1. Gross-sectional dimensions of members in the small-scale 
test structure were used to establish shear and flexure properties for 
the analytical model, and mass quantities consistent with those used in 
the test structure were assigned to each level. 
Some of the discrepancy between the measured first mode frequency 
and the calculated frequency based on gross-section properties can be 
rationalized by considering the crack patterns for the "untested" 
structure. Crack patterns for the exterior structural units (north and 
south frame-wall units) and the reinforced concrete plates (north and 
south plates) are presented in Fig. 7.2 and 7.3. Cracking in both 
north and south frame-wall units was extensive but more severe in the 
north structural unit. More cracks were detected in the lower stories 
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for both units and all cracks were less than 0.002 in. (0.05 mm) wide. 
No cracks were detected in the walls that were located in the interior 
bay of the first story. Reinforced concrete plates (Fig. 7.3) were 
also cracked. The north plate displayed the heavier crack density. 
The horizontal crack in the fourth story of the north plate measured 
approximately 0.006 in. (0.15 mm) wide with branches that measured 
approximately 0.004 in. (0.1 mm) wide. Six other cracks on the left 
side of the north plate between the second and fifth story measured 
about 0.002 in. (0.05 mm) wide. The largest measurable crack width for 
the south plate was 0.002 in. (0.05 mm) and was located in the fifth 
story. 
(b) Base Motion 
Measured base acceleration and displacement histories for the first 
earthquake simulation are presented in Fig. 7.4. The maximum responses 
were 1.6 g at 1.64 seconds and 0.82 in. (21 mm) at 1.10 seconds. 
Acceleration, velocity and displacement response spectra were cal-
culated for damping factors of 2, 5, 10 and 20 percent over a range of 
frequencies from 1 to 40 Hz for the measured base acceleration response 
during the first earthquake simulation. 
placement spectra are presented in Fig. 7.6. 
The acceleration and dis-
The duration of the simulated earthquake motion was compressed by a 
factor of five (as explained in Chapter 6) to be compatible with the 
test structure and as a result the regions of the response spectra that 
are discussed here would "normally" correspond with frequencies one-
fifth those noted here. 
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At least one unusual feature must be noted in each of the graphs. 
A "trough" existed in both the acceleration and displacement spectra at 
a frequency of approximately eight Hz. The apparent deficiency in 
response was more pronounced for the acceleration spectra because the 
trough fell in the region that is referred to as the "constant accel-
eration region"--the region with the highest response. The deficiency 
was not so pronounced in the displacement spectra because it simply 
resulted in a more rapid increase in displacement response from 8 to 5 
Hz. Ideally for 
increase linearly 
motions on firm ground, spectral displacements 
with period between 0.1 and 0.6 seconds (in scaled 
time), then level-off to the displacement response value for a period 
of 0.6 seconds in the constant displacement range (periods greater than 
0.6 seconds). The displacement spectra shown in Fig. 7.6 "do not 
reflect this trend. In addition, they appear to have converged on an 
unusually low displacement value at the high-period end of the spectra. 
The apparent trough in the acceleration spectra was not as severe 
as the response spectra in Fig. 7.6 indicated. Normalized acceleration 
spectra for the N-S ground-level response at the east end of the County 
Services Building and the first simulated earthquake motion are 
compared in Fig. 7.7 for a range of frequencies consistent with the 
apparent range of frequency response observed in the top-level accel-
eration records for the test structure (Fig. 7.9). Spectra were 
compared for ten percent damping. The frequency values corresponding 
with the spectrum for the County Services Building ground-level motion 
were multiplied by the appropriate time-scale compression factor to 
allow plotting of the spectra on the same set of coordinate axis. The 
comparison of the two spectra in Fig. 7.7 indicates that amplification 
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was reasonably similar up to seven Hz (1.4 Hz in "real" time) and was 
much larger for the County Services Building ground-level motion above 
seven Hz. Because the top-level displacement record (Fig. 7.10) demon-
strated that the frequency of response dropped below seven Hz during 
the first two cycles of response, the difference in amplification above 
seven Hz was not alarming. 
Unusually low displacements at the 
displacement spectra for the simulated 
high-per iod 
motion were 
end of the 
the result of 
filtering low-period components from the input function s'ent to the 
earthquake simulator. More qualitative comparisons will be made 
between the initi'al base motion response and the related bas.e response 
for the County Services Building in Section 7.3. 
In order to make quantitative comparisons between base motions, 
spectrum intensities were calculated. Spectrum intensity is typically 
defined as the area under a velocity response spectrum curve between 
periods equal to 0.1 and 2.5 se·conds. Spectrum intensity is defined 
differently for a base motion with a compressed time scale; the 
bounding periods are changed to reflect the shift of the response 
spectrum along the period axis. Change in periods is consistent with 
time-compression factors (See Sec. 6.3.5) used to shorten durations of 
base motions for use in small-scale simulated-earthquake tests. 
Bounding periods for the initial simulated base motion were 0.02 and 
0.5 second, and for the second simulated motion they were 0.04 and 1.0 
second. Spectrum intensities were calculated for damping factors of 
0.0, 0.02, 0.05, 0.1 and 0.2. Spectrum intensity values for the base 
motions are summarized in Table 7.1 for the damping factors listed 
above. Spectrum intensities for the first and second earthquake 
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simulations were normalized with respect to peak base accelerations and 
were scaled by appropriate time-scale compression factors to permit 
direct comparisons with normalized spectrum intensity values for the 
N-S ground-level motion measured at· the east end of the County Services 
Building. The scaled and normalized intensities are presented in Table 
7.2. Ratios of intensities for simulated motions to intensities for 
the target motion are presented as percentages in Table 7.2. Scaled 
and normalized intensities for the first simulated motion were never 
less than 92 percent of the normalized intensity for the prototype 
motion. Intensities for the second simulated motion were on the order 
of 45 percent of intensities for the target motion. I~tensities for 
the second simulation were significantly lower because values were 
normalized with respect to a very short-duration, high-acceleration 
(2.45g) spike in the measured base motion (Fig. 7.5). 
(c) Response Histories and Frequency Content of Response 
Response waveforms from the first earthquake simulation will be 
presented in the paragraphs that follow. Because of the similarity 
exhibited by top-level acceleration and displacement waveforms measured 
on the north and south sides of the structure (Fig. 7.8), response 
histories from the north side will be presented. Base acceleration 
response is included in presentations of displacement, acceleration, 
shear, and moment response to act as a common reference frame for all 
records. 
Acceleration response at each level of the structure is presented 
in Fig. 7.9 for the initial earthquake simulation. Response was 
observed to be highest between 0.9 and 1.75 seconds, which corresponds 
approximately with the interval of strong shaking observed in the base 
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acceleration response record. Maximum acceleration at the top level of 
the structure was 2.38g at 1.685 seconds. This acceleration corre-
sponds with an amplification of 1.5 as compared with an amplification 
factor of 2.0 for the N-S top-level acceleration at the east end of the 
Imperial County Services Building. Floor-level accelerations measured 
at this time ~re. tabulated in Table 7.3. Inspection of the accel-
eration waveforms in Fig. 7.9 revealed that upper-level acceleration 
peaks lagged behind peak values in the lower levels. This phenomenon 
will be illustrated later. Maximum acceleration values for each level 
are listed in Table 7.4. 
Acceleration waveforms (Fig. 7.9) appear to be composed primarily 
of first-mode response with first and second-level waveforms containing 
significant contributions of higher-mode response. All waveforms 
contained some visible sign of high frequency accelerations. It should 
be noted that high frequency acceleration response was most significant 
at the first level, and appeared to be a minimum at the fourth level. 
The amount of higher-mode response at other levels appeared to be 
related to the position of the level relative t6 the first and fourth 
levels; the contribution of high frequency components decreased from 
the first to the fourth level and increased from the fourth to the 
sixth level. 
Relative displacement response histories· for each level are 
presented l.D Fig. 7 .10. As described in Se.ction 7 .1.1, displacement 
responses were filtered so that harmonics above 9.5 Hz were removed 
from the waveforms. As a result the displacement waveforms presented 
in Fig. 7.10 must be composed of fundamental-mode response. 
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Displacements measured at each level at the instant of maximum 
top-level displacement are listed in Table 7.3. Maximum displacement 
response and maximum double-amplitude displacement at each level are 
tabulated ~n Table 7.4. Double-amplitude displacement refers to the 
sum of the amplitudes of two consecutive displacement maxima. The max-
~um top-level displacement of 0.46 in. (12 mm) occurred at approx-
imately the same time (1.685 sec.) as the maximum top-level accel-
eration. The maximum double-amplitude displacement at the top level 
was 0.76 in. (19 mm). 
Drift ratios (the ratio of displacement to height above the base) 
for the maximum top-level and first-level displacements were 0.57 and 
1.3 percent. These indices were 65 and 74 percent higher than drift 
ratios for relative displacements calculated by Rojahn [39] for the 
Imperial County Services Building. The ratio of top-level drift to 
first-level drift for the test structure was 15 percent less than that 
calculated by Rojahn [39] for the County Services Building. 
Interstory displacement is the displacement that occurs between the 
story levels immediately above and below the story of interest. Inter-
story displacements for every story at a particular instant reflect 
where displacements are concentrated along the height of a structure. 
Large inters tory displacements that are detected during the response of 
a structure to earthquake loading may indicate locations of flexibility 
in the structure before it is significantly damaged, or indicate 
locations of softening (damage) in the structure. However, large 
interstory displacements may also be the result of rigid body response 
resulting from concentrated damage at one location in a structure or 
from an unusual structural configuration. Table 7.3 also contains 
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interstory displacements at each story for the instant when the 
top-level displacement was a maximum. Top-story interstory displace-
ment was 0.05 in. (1.3 mm) as compared with 0.17 in. (4.3 mm) for the 
first story. 
Comparisons between acceleration and displacement waveforms indi-
cated that acceleration 
constant of proportionality 
seconds. Response before 
and displacement responses were related by a 
at all levels for response after 1.9 
1.9 seconds did not exhibit the same rela-
tionship. Accelerations compared with displacements were propor-
tionally larger at lower levels than at upper levels, and were propor-
tionally larger than after 1.9 seconds for the top level. .Changes in 
the ratio of acceleration to displacement response may indicate that 
yielding in the structural system occurred. Softening of the test 
structure was also demonstrated by changes in the periodicity of the 
acceleration and displacement waveforms during the initial second of 
response. 
Shear and moment response histories are presented in Fig. 7.11 and 
7.12. Response values at each story or level are listed in Table 7.3 
for the time corresponding with maximum first-story shear and base-
level moment. Maximum shear and moment at each story or level are 
catalogued in Table 7.4. 
Shear and moment response are described in ta~dem here because both 
sets of response histories possess nearly the same qualities. First-
story shear and base-level moment response resembled the top-level 
displacement waveform most, although shear and moment response were 
proportionally larger than displacement response from 0.65 to 1.16 
seconds; the peak shear and moment that occurred at 1.67 and 1.685 
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seconds were accompanied by larger displacements than those associated 
with comparable shear and moment peaks that occurred earlier. First-
story shear and base-level moment response differed from top-level 
displacement response in that they contained hints of high frequency 
response, although similar response may have existed in displacement 
waveforms before filtering was performed. 
Sixth-story shear and fifth-level moment waveforms appeared to 
contain higher mode' response components similar to those in the top-
level acceleration waveform, but were still dominated by ,the first mode 
of response. The dominance of the fundamental mode is evident in Fig. 
7.11 arid 7.12. The high-frequency content apparent in the top-stories 
or highest levels of response is nearly "filtered" out of the response 
in the lower stories or levels as a result of combining factored accel-
eration waveforms, which were c~posed predominantly of first-mode 
components, to obtain shear and moment waveforms. 
Frequency content of acceleration, shear and moment waveforms was 
inferred from Fourier amplitude spectra (FAS) that are presented in 
Fig. 7.13 through 7.15. Spectra were not shown for displacement 
waveforms. 
Fourier amplitude spectra for acceleration response at each level, 
including the base, are shown in Fig. 7.13. No single peak amplitude 
in any of the spectra could be identified as the frequency associated 
with the fundamental mode of response. Instead, first-mode response 
was associated with four amplitudes between frequencies of 3.75 and 6.5 
Hz. Amplitudes at two frequencies above this range were related to 
higher modes of response. A peak at approximately 12.5 Hz was apparent 
in all FAS. Another peak amplitude was observed in all but level four 
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of the spectra at approximately 21.5 Hz. This amplitude decreased in 
magnitude from level six to level four, then increased from level four 
to level one. Amplitudes for frequencies above 20 Hz were much larger 
at level one than at any other level, including the base. This abun-
dance of high-frequency components waS reflected by the spurious 
response in the first-level acceleration waveform (Fig. 7.9). 
Fourier amplitude spectra for shear and moment response (Fig. 7.14, 
7.15) displayed similar trends. Frequency contents of sixth-story 
shear and fifth-level moment response appeared identical to the Fourier 
amplitude spectrum for the sixth-level acceleration response, as they 
should have since top-story shear and fifth-level moment are nearly 
related to top-level acceleration response by multiplicative constants. 
Other FAS resembled spectra for sixth-story shear and fifth-level 
moment except that amplitudes at frequencies greater than five Hz were 
gradually reduced from the top story or level. to the bottom story or 
level. The peak Fourier amplitudes at frequencies of 12.5 and 21.5 Hz 
reduced to lower values in the FAS for shear response than the FAS for 
moment response; shear response acted more like a rejection filter than 
moment response for reducing Fourier amplitudes for shear and moment 
response from top of the structure to the bottom. 
Same insight into high frequency response observed in acceleration 
records and corresponding Fourier amplitude spectra was provided by 
vertical acceleration response of first-level masses (Fig. 7.16), axial 
strain and elongation response of two first-story columns (Fig. 7.18), 
and corresponding Fourier amplitude spectra (Fig. 7.17, 7.19). Ver-
tical accelerations measured at the west end of the north mass and the 
east end of the south mass (Fig. 7.16) showed that the east and west 
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end of first-level masses vibrated 180 degrees out of phase indicating 
that the portion of the structure above the first story exhibited 
rocking or rotational response during the simulated earthquake test. 
The frequency content of the vertical acceleration records is di~played 
in the form of Fourier amplitude spectra in Fig. 7.17. The predominant 
response frequency in both spectra was approximately 21.8 Hz, which was 
nearly the same as one of the high response frequencies observed in the 
FAS for acceleration response. 
Response of first-sto·ry end columns (east and west end) in interior 
structural units was recorded in the form of axial strains at mid-
height of the column and changes in column length. (Fig. 7.18). 
Positive response in the four waveforms presented in Fig. 7.18 
indicates compression (shortening) of the columns. Compression of 
columns resulting from vertical dead load was reflected by positive 
offsets at the start of the four waveforms. Examination of column 
response indicated that strain and shortening response of the east 
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column was 180 degrees out of phase with response of the west column. 
Maximum axial compression strain was approximately 0.001 in the east 
and west columns at 1.29 and 1.67 seconds. Maximum tension strain of 
0.002 was measured in the east column at 1.67 seconds. Strain measure-
ments were qualitatively confirmed by column shortening response but 
did not compare well quantitatively because column shortening response 
measurements were influenced by horizontal displacements at level one 
as a result of the location of the vertical displacement-measuring 
devices (LVDT's). Frequency content of column response is presented in 
Fig. 7.19. The Fourier spectra are similar to spectra presented 
earlier for horizontal response in that amplitudes near five Hz were 
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predominant. The amplitudes observed at approximately 22 Hz may be 
attributed to the "rocking" motion of the structure. 
The response phenomenon associated with the 12.5 Hz Fourier ampli-
tude that was evident in FAS for horizontal acceleration, shear, and 
moment response is consistent with transverse (north-south) response of 
the test structure. Transverse acceleration response (Fig. 7.20) 
measured at the east and west end of the test structure showed that the 
ends of the structure responded in opposite directions indicating 
torsional response of the test structure had occurred. The maximum 
transverse acceleration was ap'proximately 0 .44g, or 18 percent of the 
maximum top-level acceleration response in the longitudinal (east-west) 
direction of the structure. Fourier amplitude spectra (Fig. 7.21) for 
the transverse acceleration response' indicated that the predominant 
frequency of response was 12.7 Hz, or nearly the same as the response 
component evident in all FAS for horizontal acceleration, shear, and 
moment response. 
(d) Response Distributions 
Distributions of response are presented here to show how the shape 
of the test structure and forces acting on the structure changed during 
the initial earthquake simulation. Response distributions are pre-
sented for three intervals that correspond with "low" levels of 
response (Fig. 7.22), "intermediate" levels of response (Fig. 7.23), 
and peak or maximum response (Fig. 7.24). The intervals were from 
0.710 to 0.905 sec., 0.935 to 1.17 sec., and 1.615 to 1.73 sec. At 
least three-quarters of a cycle of response is presented in each 
interval and distributions are presented every 0.005 sec. which equals 
the time-step used in digitization of the response data. Scales for 
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each distribution type do not change within an interval. The three 
response intervals were selected not only to make comparisons between 
different response levels but also to illustrate the effect of higher 
modes of response on total response. 
Displacement distributions presented in Fig. 7.22, 7.23 and 7.24 
generally resembled those typically associated with frame-type struc-
tures; story drifts were usually largest in the first story and 
gradually decreased with height above the base. Distributions of dis-
placement response at peaks during the interval of low-level response 
appeared to be linear above the first level. Story-drifts increased 
considerably more in the first and second story than in ~pper stories 
during the intervals of intermediate and maximum-level response. 
Displacement distributions at peak responses were nearly linear above 
the second level during these intervals of response. 
The sequence of response distributions from 0.71 to 0.785 sec. 
(Fig. 7.22) show how the lateral force distribution on the structure 
changed during a half cycle of lateral loading response. The half-
cycle of response covered from one instant of almost-zero lateral load 
to the next time of near-zero loading. The lateral force distribution 
progressed from an inverted-triangular distribution, to a uniform 
distribution, then to a shape at peak displacement that resembled an 
intermediate step between the two previous force distributions. During 
unloading, the force distribution approached an inverted-triangular 
shape then transitioned to a distribution where forces changed 
direction at some point along the height of the structure (see lateral 
force distribution at 0.78 sec. in Fig. 7.22). Deviations from the 
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idealized shapes described above may be attributed to the effect of 
higher response modes. 
Force distributions observed during the intermediate and high-level 
response intervals were similar to the sequence described above, except 
that a loading resembling an upright triangular shape was observed 
during early stages of each loading sequence. This loading was related 
to large-amplitude, high-frequency acceleration response at the 
first-level of the structure. 
Peak values of base shear and base moment response did not always 
occur at the same time as the corresponding peak displacement response. 
Moreover, base shear and base moment peaks did not always occur at the 
same time. An example of this exists in the interval of inter-
mediate-level response presented in Fig. 7.23. A displacement peak, 
base shear peak, and base moment peak occurred at 1.025, 1.01 and 1.015 
seconds. 
(e) Condition of Structure Following First Earthquake SDnulation 
The condition of the small-scale test structure after the first 
earthquake simulation was ascertained by noting change in the natural 
frequency as indicated by free vibration tests, changes in crack 
pattern density and crack widths, and change in the viscous damping 
ratio as inferred from free vibration tests. 
The initial three seconds of top-level acceleration response of the 
test structure during the free vibration test that followed the first 
simulated earthquake is presented in Fig. 7.1. A Fourier amplitude 
spectrum for the acceleration response and a waveform representing the 
response with harmonic components above 15 Hz excluded are also shown 
in Fig. 7.1. The Fourier amplitude spectrum indicated that the 
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frequency associated with the fundamental mode of response was approx-
imately 9.4 Hz. This frequency was approximately 26 percent lower than 
the frequency determined from the free vibration test conducted before 
the first earthquake simulation. The decrease in the fundamental fre-
quency of response corresponded with a 45 percent decrease in stiff-
ness. The apparent second-mode frequency also decreased from 34 Hz to 
29 Hz. Another peak amplitude (or spike) was observed in the spectrum 
at approximately 60 Hz. This peak probably resulted from amplified 
electrical noise. 
Records of crack patterns observed in frame-wall units (exterior 
structural units) and reinforced-concrete plates (portion of interior 
structural unit) following the first simulated earthquake test are 
located in Fig. 7.25 and 7.26. New cracks were visible up to the third 
level of the north frame-wall unit and up to the second level of the 
south frame-wall unit. Unlike before the first simulation, cracks were 
visible in the walls located in . the first story of the frame-wall 
units. For the north wall-panel, cracks consisted of a horizontal 
crack at the base of the wall and an inclined crack in each bottom 
corner of the wall. For the south wall-panel, cracks were greater in 
number; inclined cracks existed around most of the perimeter of the 
wall. There was also a horizontal crack at the base that extended 
along approximately 70 percent of the length of the wall. Cracks at 
the top of the wall-panel were more inclined than cracks at the bottom. 
Some cracks in either wall-panel continued horizontally through the 
boundary columns at the ends of the walls. The maximum crack width at 
the base of the north and south wall was 0.04 in. (1 mm) and 0.02 in. 
(0.5 mm) respectively. The maximum width of an inclined crack was 
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0.016 in. (0.4 mm) and 0.006 in. (0.15 mm) for the north and south 
wall. Crack widths for the remainder of the north and south frame-wall 
units were less than 0.002 in. (0.05 mm). New cracks in rein-
forced-concrete plates were evident in all stories. Widths of new 
cracks were less than 0.002 in. and crack widths measured before the 
first earthquake simulation did not change. 
Equivalent viscous damping ratios determined from free-vibration 
test responses served as another basis for qualitatively analyzing the 
damage sustained by the test" structure during the simulated· earthquake 
test. Equivalent viscous damping ratios were determined for the 
fundamental response mode by using the logarithmic decrement method 
[47] to analyze the viscous damping characteristics of filtered 
top-level acceleration responses acquired during the two free vibration 
tests. Filtered top-level acceleration responses were assumed to 
reflect only first mode behavior, allowing computation and comparison 
of equivalent viscous damping ratios. Damping ratios of 0.02 and 0.05 
were determined for before and after the first earthquake simulation 
for small-amplitude response. The trend presented here agrees with the 
changes in crack patterns described above. These damping ratios were 
determined from low amplitude response for the purpose of illustrating 
the severity of damage to the test structure during the simulated 
earthquake test and should not be used for interpreting or predicting 
response of the test structure during that test. 
7.2.2 Second Earthquake Simulation 
Response of the small-scale test structure during the second simu-
lated earthquake test (Run 2) will not be discussed in detail here. 
However, response spectra for the base motion and response waveforms at 
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each level of the structure will be presented. Because of similarity 
of measured response on the north and south side of the test structure, 
only response from the north side will be shown. 
Acceleration and displacement waveforms for the second simulated 
earthquake motion are shown in Fig. 7.5. Acceleration and displacement 
spectra for the motion are presented in Fig. 7.27. Acceleration, 
displacement, shear, and moment response waveforms are presented in 
Fig. 7.28 through 7.31. 
7.3 Discussion of Test Results 
This section examines the base motions obtained .during the first 
and second earthquake simulation in relation to similar measurements 
recorded in the Imperial County Services Building during the event of 
15 October 1979. The· object of the study is to determine whether the 
test structure was excited in a manner comparable to the excitation of 
the actual building in the N-S direction. 
7.3.1 Evaluation of Base Motions 
In order to investigate a particular lateral-force resisting system 
with a small-scale test structure, an adequate representation of the 
structural system as well as a suitable base motion to excite the 
structure are required. The small-scale representation of the north-
south lateral-foree-resisting system in the Imperial County Services 
Building was described in detail in chapter 6, as was the design of 
simulated earthquake motions for exciting the test structure. Measured 
base motions from the first and second simulated earthquake tests will 
be compared with the related base motion that was measured at the 
County Services Building (in the north-south direction, at ground-slab 
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level, at the east end) to determine if simulated base motions 
represented the base motion at the County Services Building adequately. 
Although the response of the small-scale structure during the 
second simulated earthquake test was not presented in detail earlier, 
the base motion from the second simulation will be considered here to 
determine which simulation represented the base motion from the County 
Services Building better. Different time-scale compression factors 
(See Section 6.3.5) were used in the first and second simulations, so 
consideration of both simulation responses may give an indication of 
which time-scale compression factor the earthquake simulator performed 
better. 
To simplify the discu.ssion that follows, the first and second 
earthquake simulations will be referred to as Run I and Run 2. 
Furthermore, the north-south ground-level acceleration record measured 
at the east end of the County Services Building on 15 October 1979 
shall be referred to as the prototype base motion or the EI Centro 79 
motion. 
(a) Visual Comparison of Prototype and Simulated Base Motions 
The prototype base motion and the response of the testing platform 
during Run 1 and Run 2 are presented in Fig. 7.32. The horizontal axis 
(time axis) has been plotted so that time-scale compression factors are 
accounted for, allowing comparisons to be made vertically from record 
to record. The El Centro 79 waveform is an inverted form of the same 
response presented in Fig. 3.1 because positive acceleration of the 
simulator platform corresponded with negative acceleration in the 
north-south direction at the base of the County Services Building. A 
qualitative comparison between the first simulated base motion and the 
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El Centro 79 motion revealed a severe deficiency of zero acceleration 
points (zero crossings) in the simulated motion. This shortage indi-
cated a loss of high frequency components and or a reduction in the 
amplitudes of those components in the simulated base motion. In addi-
tion, the relationship between amplitudes of corresponding peaks 
varied. Similar disparities were detected between the second simulated 
base motion and the El Centro 79 motion, although the number of zero 
acceleration points absent in the second simulated motion were fewer 
than ~n the first. On a positive note, Fig. 7.32 demonstrates good 
correspondence between intervals of strong shaking in the simulated and 
prototype base 'motions. 
Despite the poor visual comparisons between the simulated base 
motions and the prototype base motion, it can be demonstrated that the 
two simulated earthquake motions reproduce reasonably well many of the 
characteristics of the prototype base motion. This will be demon-
strated through comparisons between Fourier amplitude spectra and 
response histories for damped single-degree-of-freedom (SDOF) systems. 
(b) Frequency Content of Base Motions 
A "window" of frequencies was selected from each of the Fourier 
amplitude spectra for the first and second simulated base motions. The 
extreme for each window were chosen to bound the predominant 
frequencies observed in the response of the structure to each simulated 
earthquake motion. Sixth-level acceleration responses and Fourier 
amplitude spectra for those responses (Fig. 7.33) were used to deter-
mine the prevailing frequencies. The range of frequencies selected 
were 2.0 to 8.0 Hz for Run 1 and to 1.5 to 8.5 Hz for Run 2. 
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The Fourier amplitude spectrum for the El Centro 79 motion was 
related to the Fourier amplitude spectra for the first and second 
simulated base motions by respective time-scale compression factors 
approximately equal to 5 and 2.5. Appropriate portions of the spectrum 
for the El Centro 79 motion (0.4 to 1.6 Hz and 0.6 to 3.4 Hz in real 
time) were compared with the related IIwindowed" spectra for the first 
and second simulated base motions. The comparisons, illustrated in 
Fig. 7.34, show reasonable agreement between the frequency content of 
the prototype base motion and simulated base motions. Comp"arisons are 
very good over the range of "frequencies considered for the two test 
motions except for a short range from 6~5 to 8.0 Hz in Run 1. 
Cc) Response of Damped SDOF Systems to Base Motions 
Response histories were computed," by the "exact method" [33] for 
damped SDOF systems subjected to the prototype base motion and 
simulated base motions. Responses to simulated motions for systems 
with different frequencies were compared with responses to the 
prototype motion for systems with frequencies related by appropriate 
time-scale compression factors. Comparisons were made to determine if 
individual peak values in responses to simulated base motions were 
proportional to peaks in responses to the prototype base motion and 
whether individual peak responses occurred at corresponding times. 
Eleven SDOF systems with different characteristic frequencies and one 
common equivalent viscous damping ratio were used in the comparison. 
Characteristic frequencies for the SDOF systems were selected from the 
frequency ranges prescribed earlier. Three frequency values were arbi-
trarily chosen from each of the windowed spectra for the simulated base 
motions. Highest and lowest frequencies selected from each range 
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corresponded with peak amplitudes nearest the bounding frequencies. 
Intermediate frequencies were the average of the high and low frequency 
values for each range. The six remaining frequency values were taken 
from the Fourier amplitude spectrum for the El Centro 79 motion. Each 
of these values was related by the appropriate time-scale compression 
factor to one of the six frequency values described above. The char-
acteristic frequencies for the eleven SDOF systems are presented below. 
Note that one frequency was duplicated for Run 1 and Run 2. 
Frequencies for SDOF Systems (Hz) 
Run 1 
Run 2 
2.25 
El Centro 79' 0.45 
5.0 
1.0 
6.S 
1.3 
2.0 
0.8 
5.0 
2.0 
8.25 
3.3 
An equivalent viscous damping ratio equal to 10 percent of critical was 
used in the response calculations for the twelve SDOF systems. The use 
of such a damping ratio ~s not uncommon when a linear analysis is 
employed to estimate nonlinear response of a reinforced concrete struc-
ture to earthquake loads. 
A side-by-side comparison of response curves for related SDOF 
systems is presented in Fig. 7.35. Comparisons considering the ordi-
nates necessary to describe envelopes for each waveform illustrate good 
correspondence between the events of high and low response and the 
ratios of amplitudes for "high response" regions. The results of this 
comparison imply that each simulated base motion was capable of 
exciting a linear system with a characteristic frequency in a large 
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range of frequencies to appropriate levels of response at proper 
instances. 
7.3.2 Interpretation of Observed Measurements 
Response waveforms, Fourier amplitude spectra, and response distri-
butions presented earlier may be used to understand the fundamental 
response mechanisms of the test structure. The object of this section 
is to discuss these data in relation to structural behavior. 
Three response modes were apparent in the displacement and 
acceleration data during the first simulated earthquake test: one mode 
resembled the fundamental response mode for a frame structure 
(Fig. 7.24, time = 1.68 sec.), another mode corresponded with torsional 
response of the structure (Fig. 7.20) and, the third apparent mode was 
associated with a rocking response (Fig. 7.16, 7.18). 
First-mode response was characterized by response at each level 
being in phase, with response quantities increasing along the height of 
the structure. Examples of first-mode response are available in the 
distributions of displacement response shown in Fig. 7.22 through 7.24. 
First-mode response dominated all response waveforms as demonstrated by 
the similarity of shear, moment, and acceleration histories to dis-
placement histories (Fig. 7.9 to 7.12). Fourier amplitude spectra for 
response histories at each level or story verified first-mode dominance 
(Fig. 7.13 to 7.15). The largest amplitudes occurred at frequencies 
below seven Hz. 
Because this investigation was designed to study only planar 
response of the test structure, the rocking mode of response will be 
designated the second mode of response, even though the torsional 
response mode was associated with a frequency lower than the frequency 
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associated with the rocking mode. Contribution of torsional response 
to displacements was negligible. 
Evidence of the rocking phenomenon was contained in horizontal 
acceleration waveforms (Fig. 7.9), vertical acceleration response of 
first-level masses (Fig. 7.16), axial strain and elongation response of 
first-story columns (Fig. 7.18), and FAS for most of these records 
(Fig. 7.13, 7.17, and 7.19). 
Horizontal acceleration response at each level exhibited high 
frequency response superposed on waveforms that were composed primarily 
of first4mode response. High frequency content which appeared to be 
greatest at the first level decreased gradually to a minimum at the 
fourth level then increased in each level above the fourth level. 
Fourier amplitude spectra (Fig. 7.13) confirmed these observations. 
More specifically, the FAS identified a response mode at approximately 
21.5 Hz and amplitudes at that frequency gradually decreased from the 
values at levels 1 and 6 to nearly zero at level 4. The zero amplitude 
at level 4 indicated a node point. 
Evidence to confirm the existence of a rocking mode during the 
simulated earthquake test was found in axial-strain and elongation 
response of first-story end columns in the interior structural unit, 
and vertical acceleration response of ends of first-level masses. 
Axial strain and elongation response of end columns (Fig. 7.18) 
indicated that at peak responses axial forces in end columns were 
generally of opposite sign. Tension forces as large as the yield force 
were developed in one end column. At the same time, compressive strain 
in the other end column was approximately 0.001. In addition, each end 
column experienced multiple, large-amplitude, axial force reversals 
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where force was inferred from comparisons of strain and axial 
force-deformation response of column specimens during static load tests 
(Appendix C). 
The frequency of strain reversals was similar to the frequency of 
top-level acceleration, first-story shear and base-level moment 
reversals. All of these waveforms appeared to be dominated by 
first-mode response. Fourier amplitude spectra for these records (Fig. 
7.13, 7.14,7.15 and 7.19) confirmed the dominance of first-mode 
response. Axial strains in'end columns of the interior structural unit 
fluctuated at nearly the same rate as top-level' acceleration response 
and not at a higher rate because the columns were an integr~l part of a 
system that responded primarily in the first mode. Vertical accel-
eration response of west and east ends of north and south first-level 
masses (Fig. 7.17) demonstrated that the vertical responses of the east 
and west ends of the test structure were in opposite directions during 
the first simulated earthquake test. The frequency content of these 
records (Fig. 7.16) indicated that the dominant frequency of response 
was approximately 22 Hz, or nearly the same as the frequency 
corresponding with Fourier amplitudes that were associated earlier with 
a higher mode of response. 
Both the frequency and the node point associated with the rocking 
or second mode of response could be rationalized by idealizing the test 
structure as a rigid block with' known rotational moment of inertia 
seated on the four first-story columns of the interior structural unit. 
Lateral resistance provided by the lower levels of the exterior 
frame-wall units and first-story columns of the interior unit were 
assumed to act at the first level. The rigid block which extends from 
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the first level to the top of the structure would tend to rotate about 
its center of gravity between the third and fourth levef if no lateral 
resistance were provided. If lateral resistance is provided at the 
first level, the center of rotation would tend to move up~ard which is 
consistent with the location of the apparent node point. 
Transverse top~level acceleration response at the east and west end 
of the structure and FAS for the records provided proof that the test 
structure was responding torsionally at a frequency of 12.7 Hz during 
the earthquake simulation'. Displacements resulting from ·this torsional 
response were estimated to be less than six percent of the measured 
maximum. top-level displacement. This accidental response was not that 
surprising considering that concrete strengths were not the same on 
both sides of the structure, and the density of cracks before testing 
was greater on the north side of the .test structure than on the south 
side. 
Nonlinear response of th~ test structure during the first 
simulation was revealed in comparisons between the top-level 
displacement response history and first-story shear or base-level 
moment response (Fig. 7.10, 7.11, 7.12). Displacement compared with 
shear or moment indicated that the force distributions that acted on 
the structure at approximately 1.020 and 1.135 seconds were approaching 
yield capacity of the test structure. The ratios of top-level 
displacements occurring after this time to base shear were propor-
tionately larger than displacement-shear ratios before 1.14 seconds. 
This trend was the same for the ratios of base-moment to displacement. 
The envelope of base-shear response versus top-level displacement 
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response (Fig. 7.36) illustrates the nonlinear behavior of the test 
structure. 
General yielding of the structure for the type of loading applied 
appears to have started at a top displacement of approximately one-
quarter inch or an overall drift ratio of 0.3 percent. 
It is interesting to study the acceleration response data to 
determine whether a good estimate of the base shear and moment could be 
obtained from acceleration sensors located only at the first and sixth 
levels as they were in the County Services Building in the N-S 
direction. 
The most convenient procedure for calculating base shears and 
moments from acceleration readings at levels one and six is to assume 
that the accelerations varied linearly between those two levels. 
Results based on that assumption were compared with base shear and base 
moment histories calculated from accelerations and displacements at all 
levels as outlined in Section 7.1.1. The comparison of shear response 
and moment response is presented in Fig. 7.37. Estimated shear and 
moment waveforms were very similar to those calculated from 
acceleration and displacement response at every level. The most 
noticable difference is the high-amplitude, high-frequency response 
apparent in estimated waveforms. Estimated shear and moment response 
was generally greater than "measured" response at peak values during 
the interval of high response. Maximum base shear and moment for the 
interpolated response history were both 11 percent greater than the 
maxima taken from shear and moment waveforms calculated using measured 
acceleration and displacement responses from each level. Estimated 
shear and moment response exceeded measured response because calculated 
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acceleration records used to estimate shear and moment response 
contained more of the spurious high-amplitude accelerations from the 
first-level response (Fig. 7.9) than the measured acceleration records 
for the same levels. 
It is also of value to estimate the maximum moment at the base of 
the interior structural unit from the maximum strains measured at 
mid-height of first-story columns using a procedure similar to that 
described in chapter 5 for calculating axial forces in east-end columns 
of the County Services Building. The four first-story column sections 
in the interior structural unit were treat~d as a single section. A 
linear 'strain distribution with extreme values equal to .the measured 
column strains was imposed on the section. Axial forces in individual 
columns were calculated using the measured material properties 
(Appendix A) and ~aterial stress-strain models in Fig. 5.4. The moment 
resisted by the section of four columns was calculated about the center 
of the section, and was ten percent less than the maximum base moment 
determined from measured acceleration and displacement data. The 
closeness of these two moments validates the simple procedure used in 
chapter 5 for calculating axial forces in columns. 
Response distributions require some consideration here because dis-
placement shapes did not resemble shapes e~pected for frame-wall type 
structures and because distributions of force at peak levels of 
response were irregular. As described earlier, displacement sbapes at 
peak levels of response resembled shapes typically associated with a 
frame-type structure, especially during the interval of "strong 
shaking" (See Fig. 7.23 and 7.24). Two factors were responsible for 
this behavior: the lateral stiffness of first-story walls was less 
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than the stiffness of the plates, and no direct moment transfer was 
provided between plates and walls. Lateral stiffness of first-story 
walls was also reduced by the crack that formed at the base of each 
wall during the simulation. Distributions of force response presented 
earlier varied from inverted triangular, to uniformly distributed, to 
upright triangular. in shape at or near peak responses. Force 
distributions probably changed shape because of contributions of high 
frequency response to· total response. The fact that peak top~level 
displacement, base shear, and base moment response did· not occur 
coincidentally attests to the influence of· higher modes on total 
response. 
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APPENDIX A 
DESCRIPTION OF EXPERIMENTAL WORK 
A.I Test Structure 
A.I.I Configuration 
The small-scale test structure was composed of three structural 
units which acted in parallel to resist lateral loads (Fig. A.I). Two 
of the three structural units were referred to as exterior units while 
the third was referred to as an interior unit. Exterior units com-
prised six-story three-bay frames with a wall iri the interior bay of 
the first story. The interior unit was a six-story three-bay frame 
with two very stiff reinforced concrete plates attached parallel to the 
frame at levels one through six. Elements making up the three struc-
tural units were approximately one-twelfth scale. Structural units 
were connected at each level so that lateral displacements of all 
elements at a level would be equal. Masses which were also part of the 
connection system were positioned at each level to increase lateral 
inertia forces. Connections were designed so only lateral forces were 
transmitted to exterior structural units. Vertical loads were carried 
by the interior unit (Fig. A.I). Fixity at the base of structural 
units was provided by stiff base girders. Base girders were cast on 
structural units approximately three weeks after structural units were 
cast. 
A.I.2 Dimensions 
Nominal dimensions of the test structure were presented in chapter 
6. Gross concrete cross-sectional dimensions at all beam-column inter-
faces were measured using a mechanical dial gage accurate to 0.01 
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inches. Measured dimensions are presented in Table A.1. Thicknesses 
of first-story walls and reinforced concrete plates were also measured. 
Mean thicknesses of first-story walls were 1.05 in. and mean thick-
nesses of plates were 0.29 inches. Following simulated earthquake 
tests, concrete cover for reinforcing steel was measured at twenty 
random locations of each frame by chipping away concrete cover. 
Measured cover is presented in Table A.2. 
A.I.3 Story Masses 
Steel and concrete weights. (Story .Masses) were attached at each 
level (Fig. A.1) to increase lateral inertia forces. A welded box of 
steel plate formed the outer boundaries of each mass. Steel re~n-
forcing bars were welded inside the steel box to provide more weight in 
finished story masses (Fig. A.2f). Twelve story masses were cast from 
a single batch of concrete which included pea gravel for coarse 
aggregate. Measured weights of story masses and connections are 
presented in Table A.3. Mass centers were positioned at centerlines of 
levels. 
A.1.4 Connections 
A nonstructural connection system was required to couple the three 
structural units. Story masses were an integral part of the connecting 
system. Connections were designed so that (1) displacements of 
interior and exterior structural units were effectively equal at each 
level, (2) rotational restraint of connectors on structural elements 
would be small, and (3) vertical loads would be carried by the interior 
unit. 
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Frame connections (Fig. A.l) consisted of an assembly of plates 
fastened to story weights and exterior structural units with 1/2-in. 
diameter bolts. Bolts connecting story masses to structural units were 
passed through seamless steel tubing which had been cast into beam-
column joint ~enters. Connecting plates were separated from structural 
units by steel washers. Bolts which passed through structural units 
were hand tightened to reduce rotational resistance then were locked in 
place with a locknut. Pairs of masses at each level were attached to 
the interior structural unit with four 3/4 in. diaD steel rods. Rods 
passed through joint cores and through centerlines of masses. 
A system of cables was provided between story masses (Fig. A.I) to 
prevent the structure from overturning in the weak (transverse) 
direction. 
The base girder of each structural unit was prestressed to the test 
platform with six, one-in. diameter bolts. Forces in bolts were 
transferred to the base girder through 4 by 4 by 1/2 in. plates. 
Hydrocal was placed around the bottom of base girders to detect uplift 
or slip of girders during testing. 
A .1. 5 Fabrication of Structural Units 
Frame reinforcement cages were fabricated by tying No. 10 gage 
black basic 
(Fig. A.2a). 
16 gage wire 
annealed wire (0.135 in. dia.) inside rectangular spirals 
The spirals had been turned from straight lengths of No. 
(0.062 ~n. dia.) on the mandrel of a lathe so that 
accurate dimensions were obtained. Each spiral was straightened by 
hand to form the rectangular shapes. Individual ties and cross ties 
instead of spirals were used in first-story columns. Ties were spaced 
at one inch for 10 ~n. above the base as shown ~n Fig. 6.4. 
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First-story wall reinforcement comprised two curtains of' No. 20 gage 
steel. Vertical and horizontal wall reinforcement was spaced at 1 and 
3/4 inches. Reinforced concrete plates were reinforced with a 1/2 by 
1/2 in. No. 19 gage (0.041 in. dia.) wire mesh. 
All flexural reinforcement was purchased in straight lengths and 
was continuous throughout elements so that no splices or welds were 
required within members or joints. Treatment of all steel included 
cleaning with a petroleum-based solvent ,and then wiping clean with 
acetone. Following construction of reinforcement cages, steel was 
sprayed with a ten-percent hydrochloric acid solution and stored in a 
"fog" room to rust for 72 hours. Following this period, loose rust 
particles were removed by spraying with a "high-pressure" water stream 
and scrubbing with a wire brush. 
One exterior unit and one plate were cast from a single batch of 
concrete. The interior frame was cast from a third and final batch of 
concrete. All structural units were cast horizontally. Frame and wall 
reinforcement and plate reinforcement are shown inside casting forms in 
Fig. A.2b and A.2e. Forms were prepared by oiling casting plates and 
wooden side pieces. Reinforcement cages and wire mesh were held in 
place by fixing them to steel tubing which had been bolted to casting 
plates. 
units. 
Tubes would later be used for connecting masses to structural 
The concrete m~x had dry-weight proportions of 4.0:1.0:1.1 (coarse 
Wabash River sand: fine lake sand: Type III high-early strength cement) 
with a water: cement ratio of 0.75. Concrete was consolidated with a 
stud vibrator and all concrete was in place and finished within two 
hours of mixing. Forms were removed approximately eight hours 
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afterwards so that frames and plates would not be restrained on the 
casting plates. Frames and plates were cured under wet burlap and 
plastic sheets for 21 days. Control specimens for determining concrete 
properties were cured in an identical manner. 
Following the curing period, the casting platform for a plate was 
elevated and the plate was removed from the casting platform with an 
aluminum support frame. Plates were suspended in the laboratory from 
holes at the top of the plate <that were provided for assembly with the 
interior frame) until they were moved to the earthquake simulator for 
testing. The casting platform for a frame or frame-wall unit also was 
elevated and the frame was removed using the aluminum support frame. 
Anchor plates were welded to column reinforcement at the bottom of 
first-story columns. Each frame was positioned vertically with the 
bottoms of first-story columns extending into the form for the base 
girder (Fig. A.2c, A.2d). Frames were held in position by cables while 
concrete for the base girder was placed. Cables were removed after 
concrete had hardened. Base girder concrete was cured in the same 
manner as concrete for structural specimens. Ages of the components 
used in the test structure at testing time are listed in Table A.s. 
A.l.6 Material Properties 
(a) Concrete 
The concrete was a small-aggregate concrete with mix proportions 
identified 1D Section A.I.s. Control specimens for determining 
concrete properties comprised ten 4 by 8 in. cylinders for compression 
tests, five cylinders for splitting tests, and ten 2 by 8 in. prisms 
for modulus-of-rupture tests. The stress- strain relations were deter-
mined from compression tests with strains measured over a 5 in. length. 
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It was not possible to measure the descending portion of the stress-
strain curve because of equipment limitations. The measured 
stress-strain relations for test cylinders are shown in Fig. A.3 for 
"frame I", 2, and 3. Splitting strengths were determined by loading 
cylinders along the diameter. Moduli of rupture were determined by 
loading prisms at the center of a 6 in. span. Measured concrete 
properties are ~ummarized in Table A.S. 
(b) Reinforcing Steel 
Longitudinal steel used in frames ,was plain No. 10 gage black-basic 
annealed wire. Steel used in first-story walls was No. 20 gage wire. 
All No. 10 gage wire was purchased in straight lengths from Wire Sales 
Company, Chicago. Wall steel was cut from a spool of wire and 
straightened. Five samples of No. 10 gage wire were tested for each 
frame at a strain rate of O.OOI/second. Ten samples of No. 20 gage 
wire were tested at the same strain rate. Stress-strain curves are 
plotted in Fig. A.4 and a summary of properties is listed ~n Table A.4. 
Wire used for helical and spiral reinforcement as well as 
first-story column ties was No. 16 gage. A minimum yield stress of 100 
ksi was obtained from ten wire samples. 
A.l .7 Erection of Test Structure 
Following fabrication of structural units, story masses, and 
connections the test structure was assembled on the test platform of 
the University of Illinois Earthquake Simulator (Fig. A.S). Construc-
tion was initiated by placing the interior structural frame on the test 
platform and securing it wi~h 1 in. dia. bolts passing vertically 
through the base girder. Reinforced concrete plates were attached to 
each side of the interior frame with 3/4 in. dia. steel rods. 'Story 
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masses were stacked on collapsible wooden blocks on each side of the 
interior structural unit and were attached to the unit with the 3/4 in. 
dia. steel rods. Greased teflon pads were placed between wooden blocks 
and weights to make positioning of weights easier. Weights were held 
~n place by bolts bearing against an erection cage. Finally, exterior 
structural units were placed on each side of the interior unit and 
weights. Frame-wall units were prestressed to the testing platform 
with 1 ~n. dia. bolts and connected to the masses with 1/2 in. dia. 
bolts. The collapsible wooden blocks .and erection cage were removed 
the morning of testing. 
A.2 Test Equipment 
A.2.l Earthquake Simulator 
All testi~g was conducted on the test platform of the University of 
Illinois Earthquake Simulator. Major components of the simulator 
system include a hydraulic ram, a power supply, a command center, and a 
test platform. The overall configuration of the ram and test platform 
<with a test structure in place) is shown in Fig. A.S. The steel test 
platform is 12 ft square in plan with tapped holes which facilitated 
prestressing of frame base girders. Motion of the test platform 
<limited to one horizontal direction) ~s controlled by input from the 
command center where an appropriate acceleration record is integrated 
twice to produce a displacement signal. A servomechanism interprets 
this signal to reproduce the desired motion. 
Detailed descriptions of performance and characteristics of the 
simulator can be found in References [26] and [33]. 
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A.2.2 Free-Vibration Setup 
Free vibration of the test structure was imparted by laterally 
displacing the top level of the test structure with a known force and 
suddenly releasing the force (Fig. 6.7). The procedure and force were 
the same for all tests. 
A.3 Instrumentation 
Instrumentation was organized so that displacements, accelerations, 
and wall forces could be measured. Instrument location and orientation 
is indicated schematically in Fig. A.6. Photographs of instrumentation 
appear in Fig. A.7. 
Displacements of story-mass center lines were measured by LVDT's 
(linear voltage differential transformers) relative to a vertical 
W21x57 st:uctural steel section fixed to the test platform (Fig. A.5). 
Shortening of exterior first-story columns in the interior unit was 
measured relative to the base girder over a height of 12 inches. 
Accelerometers were used to measure in-plane, transverse, and 
vertical accelerations. Accelerometers measuring in-plane acceler-
ations at each level and vertical accelerations at ends of first-level 
masses were Endevco piezoresistive type. All others were Endevco 
Q-flex accelerometers. Base accelerations were measured by 
accelerometers attached to the tops of all base girders. Accelerations 
at each level were measured by accelorometers attached to the 
centerline of each mass. Transverse accelerations were measured at the 
top of sixth-level masses. Each transverse accelerometer was offset 32 
~n. from the center of the structure. 
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Manufacturer's ratings for the two types of accelerometers CQ-flex 
and piezoresistive) are listed below. 
Parameter 
Range 
Linearity 
Frequency Response (S%) 
Natural Frequency 
Damping 
Piezoresistive 
!.2Sg 
1.0% 
0-7S0 Hz 
2S00 Hz 
0.7 
Q-flex 
±lSg 
0.03% 
O-SOO Hz 
1000 Hz 
0.6 
Strain gages were also incorporated in the instrumentation scheme. 
Two I-in. gages were attached at mid-height of each end column in the 
first story of the interior frame to measure average axial strains in 
the columns (Fig. A.7d). 
Locations and/or directions of measurements and a designation for 
the instrument type are included in plot titles in chapter 6. The 
designation~ "L", "A", and "s" stand for LVDT, accelerometer, and 
strain gage. Consider a complete code for a particular waveform. For 
example, "LIS", stands for the displacement response measured at the 
first level on the south side of the structure. 
A.4 Recording of Data 
A.4.1 Dynamic Tests 
Signals from electronic instruments were amplified and recorded by 
four separate magnetic analog tape recorders. Each recorder had 14 
channels. One channel per recorder was reserved for the simulator 
input signal which was later used to synchronize records on different 
recorders. An additional channel recorded a signal which controlled 
digitization of records. 
275 
Exact synchronization of signals from different recorders was not 
possible because of inherent variation in recorder speeds. Only 
signals recorded by the same recorder could be directly compa~ed. 
Organization of instrument signals on the various recorders is indi-
cated in ·Fig. A.B. 
Calibration was performed by recording the signal produced by known 
quantities. LVDT's were calibrated by displacing LVDT cores a known 
distance. Accelerometers were calibrated s.tatically by alternately 
pointing them toward and away from the floor for negative and positive 
1.Og accelerations. Electrical calibrations were used to monitor and 
correct electrical variations throughout the test. 
Response signals were recorded for all tests. Full-scale recorder 
settings were changed for the second simulated earthquake test to 
accommodate anticipated signal amplitudes. Electrical calibrations 
were maintained at original voltages to provide a common basis for 
calibrating a given signal for the second simulation. 
A.4.2 Observed Damage 
Observations of visible damage was made immediately before any 
testing began and immediately following each earthquake simulation. 
Observations included spalling and crack locations and widths. Crack 
location was aided through the use of fluorescent fluid (Partek PI-A 
Fluorescent, Magnaflux Corporation, Chicago, Illinois) which collected 
in cracks when washed over specimens and reflected "black light" to 
show crack locations. Visible damage was recorded on data sheets. 
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A.5 Test Procedure 
The test procedure is described in detail in Section 6.4. Test 
structure connections were checked before the first earthquake simu-
lation and following 
located. Fixity of 
every simulation. No loose connections were 
test-structure base girders was indicated by the 
absence of cracks in hydrocal placed around the bottom of base girders. 
Test activities were carefully monitored and compared with a checklist 
of planned activities. All dynamic tests were completed in a single 
day. 
A.6 Data Reduction 
Test data that had been recorded on analog magnetic tape was 
"digitized" and recorded on digital magnetic tape using the Spiras-65 
computer of ti1e Department of Civil Engineering. Each recorded signal 
was digitized at a rate of 200 points per second. Spiras tapes were 
copied using a Burroughs 6700 system so that tapes could be read using 
the CDC-Cyber 175 system of the Department of Computer Science. 
Calibrations that had been recorded before testing was begun 
(mechanical calibrations) and calibrations recorded immediately before 
each earthquake simulation and free vibration test <electrical 
calibrations) were used to scale recorded signals. Shear and moment 
waveforms were determined using measured story heights and weights, 
measured acceleration response at each level, and filtered displacement 
response measured at each level. Displacement responses were filtered 
to remove contributions by the reference frame. Details of the 
filtering program are described in Appendix B. A system of computer 
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programs was used to obtain ZETA and Hewlett-Packard 7221A plots and 
numerical values of data presented in this report. 
Level! 
Story 
6 
5 
4 
3 
2 
1 
Levels 
1-5 
Table A.l Measured Cross-Sectional Dimensions 
Beam Depth Beam Width Column Depth 
(in. ) (in. ) (in. ) 
I-lean Std. Dev. Mean Std. Dev. Mean Std. Dev. 
0.98 0.02 2.01 0.01 2.01 0.02 
1.51 0.03 2.00 0.01 2.01 0.02 
1.53 0.01 2.00 0.01 2.01 0.03 
1.51 0.02 2.01 0.01 2.01 0.04 
1.52 0.04 2.00 0.01 2.02 0.03 
1.53 0.02 2.01 0.02 2.01 0.03 
1.52 0.03 2.00 0.01 2.01 0.03 
Column Width 
(in. ) 
Mean Std. Dev. 
2.00 0.02 
2.00 0.02 
2.00 0.01 
2.00 0.01 
2.01 0.02 N 
'-1 
00 
2.01 0.02 
2.00 0.02 
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Table A.2 Concrete Cover for Longitudinal Steell 
Beams 
Mean Std. Dev. 
0 23 Slxth Level ' 
All Other Levels/ 
° 4 Stor1.es 
0.33 
0.29 
lAll dO ° 0 ° h '. l.menS10ns ln lnc es. 
0.04 
0.05 
Columns 
Mean Std. Dev. 
0.24 0.06 
2Sixth-level beams were significantly different than beams at other 
levels. 
3 Based on six measurements. 
4 Based on 15 measurements for beams and 20 measurements for columns. 
Table A.3 Measured Weights of Story Nasses 
and Connections 
Level Weight, kips 
(, 2.13 
5 2.14 
4 2.13 
3 2.13 
2 2.13 
1 2.13 
N 
(Y.) 
o 
Tnble A.4 Steel Properties 
-.-----.. ~-.-----
Structurnl Wi rtl Cage Diameter Yield Stress 1 
Un it No. (in. ) (psi) 
---------_ .._-----
1 (2) 10 0.135 50100 + 10800 
2(3) 10 0.135 50200 + 600 
3(4) 10 0.135 49100 + 1500 
1-3 10 0.135 49800 + 1400 
Wall 20 0.035 83700 + 2400 
I Mean + standard deviation. 
2 North frame - based on 5 samples. 
3 South frame - based on 5 samples. 
4 Central frame - based on 5 samples. 
1 Strength 
(psi) 
58300 + 700 
58200 + 500 
57200 + 1200 
57900 + 1000 
111000 + 1500 
N 
co 
I--' 
Structural 
Unit 
1 
2 
3 
* 
Age at 
Testing 
(days) 
245 
202 
148 
Mean + standard deviation. 
Initial 
Modulus 
(psi) 
3.1xlO 6 
3.4xlO 6 
3.lxlO 6 
Table A.5 Concrete Properties 
* Compression Strain at 
Strength Ultimate 
(psi) 
4890 + 670 0.0022 
5270 + 560 0.0022 
5330 + 400 0.0022 
* Splitting 
Strength 
(psi) 
450 + 70 
470 + 50 
430 + 30 
Modulus of 
Rupture 
(psi) 
860 + 50 
890 + 80 
960 + 90 
* 
N 
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(a) Frame Reinforcement During Construction 
(b) Frame and Wall Reinforcement in Forms 
Fig. A.2 Forms and Reinforcement for Frames, Walls, Plates and Masses 
287 
\ 
\ N 
288 
(e) Plate Reinforcement 
(f) Masses 
Fig. A.2 (continued) 
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APPENDIXB 
FILTERING PROGRAM 
Relative displacement data measured during both simulated earth-
quake tests were polluted by the significant response of the reference 
frame (Fig. A.5). This appendix describes the development of a 
filtering program used to "clean" displacement records of the refer-
ence-frame response. 
Polluted top-level displacement responses for the first and second 
earthquake simulations and corresponding Fourier amplitude spectra are 
presented 1n Fig. B.l. The Fourier spectra indicate that both records 
contained a spurious component with a frequency of about 14.5 Hz. The 
contribution of the l4.5-Hz component appeared to be more significant 
1n the response during the first simulation. 
The approach taken to remove the false response was the following: 
(1) the corresponding top-level acceleration minus the base accel-
eration was double integrated to obtain an estimate of the top-level 
displacement response, (2) different filters were applied to the 
polluted displacement response until one was found that would produce 
reasonably well the double-integrated result. 
In order to use this approach, a procedure had to be developed for 
double-integrating acceleration waveforms. The measured base displace-
ment and acceleration records for both earthquake simulations were used 
as a benchmark for tuning the double-integration procedure because base 
displacements were not effected by the response of the reference frame. 
The procedure used to integrate response records was as follows: (1) 
pass the acceleration waveform through a digital low-pass filter with a 
299 
cut-off frequency of 25 Hz, (2) pass the waveform through a high-pass 
filter with a cut-off frequency of 0.6 Hz (0.7 Hz for the second 
simulation), (3) integrate the filtered acceleration waveform [33], (4) 
perform a linear least-square-fit.of the computed velocity waveform to 
remove cumulative error due to a baseline shift, (5) integrate the 
baseline-corrected velocity waveform. 
Filtering w~s performed in the frequency domain. Waveforms were 
transformed from the time domain to the frequency domai.n using a Fast 
Fourier Transform routine. Fi~tering was accomplished by altering the 
amplitudes corresponding with particular frequencies. Amplitudes of 
frequencies which were to be retained were factored by 1.0. Amplitudes 
of frequencies which were to be completely rejected or reduced were 
factored by O. or a number between one and zero. After modifying or 
rejecting the amplitudes of frequencies, the altered waveform was 
operated on by the Fast Fourier Transform to transform the waveform 
back to the time domain. Representations of the filter factors for a 
low-pass and high-pass filter are shown in Fig. B.2. For the filters 
used in this study, the filter factor reduced linearly from one to zero 
from the cut-off frequency to a frequency 10 percent higher and 10 
percent lower for the low-pass and high-pass filters. 
Results of the displacement calculation scheme applied to the base 
acceleration records are shown in Fig. B.3. Measured base displace-
ments correspond quite well with the calculated displacements. 
The displacement calculation scheme was applied to the measured 
sixth-level acceleration response less the measured base acceleration 
for both simulations. Low-pass filters with different cut-off frequen-
cies and filter-factor transitions were experimented with to determine 
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which filter(s) produced "corrected" displacement waveforms (for both 
simulations) that most resembled the calculated waveforms. The 
low-pass filter with a 9.5 Hz cut-off frequency and filter factor that 
transitioned from 1.0 to O. over the frequency range of 9.5 to 10.45 
Hz provided the best comparison of filtered displacement and calculated 
displacement for both simulations. The comparison of filtered and 
calculated displacement waveforms for the first and second simulation 
are shown in Fig. B.4. Two of the criteria used in selecting a filter 
were (1) the similarity of overall shapes of computed and filtered 
displacement waveforms, and (2) the similarity of double-amplitude 
displacements of computed and filtered waveforms (especially during the 
interval of strong shaking). 
The filter described above was used to modify all measured 
floor-level 
simulations. 
displacements from the first and second earthquake 
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APPENDIX C 
COLUMN TESTS 
Specimens resembling exterior first-story columns of structural 
frames were subjected to reversals of axial load and were loaded to 
ultimate compression strength to investigate the changes in axial 
stiffness resulting from load reversals and to experimentally obtain 
the ultimate strength of ·exterior first-story columns. 
C.I Test Specimens 
Specimens were constructed to represent the clear height portion of 
exterior first-story columns. A schematic drawing of a test specimen 
~s shown ~n Fig. C.l. Reinforcement in column specimens was identical 
to that used ~n exterior first-story columns of the test structure. 
Longitudinal reinforcement was anchored in· 9 by 9 by 12 in. blocks at 
ends of each 13-in. long test member. Anchorage was provided by steel 
plates welded to longitudinal reinforcement as was done for first-story 
columns in the test structure (Fig. 6.4). Specimens and anchor blocks 
were cast horizontally (Fig. C.3). Unlike the test structure compo-
nents, anchor blocks were cast monolithically with column specimens. 
Test specimens and control samples were cured as test-structure 
concrete was. 
Properties of longitudinal reinforcement were the same as for No~ 
10 gage reinforcement used in the test structure (see Appendix A). 
Mean concrete strengths, splitting strengths, and modulus of rupture 
were 4260 psi (29.4 MFa), 520 psi (3.6 MFa), and 1000 psi (6.9 MFa). 
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C.2 Test Setup 
Test specimens were placed vertically 1n a 100 kip capacity (445 
kN) MTS testing machine (Fig. C.4). The axis of each specimen was 
aligned as close as possible with, the axis of loading of the machine. 
Loads were transferred from the machine through steel connections to 
the anchor blocks of specimens. 
Axial load-elongation response and axial load-strain response were 
measured during tests. LVDT's and I-in. strain gages were attached to 
specimens as shown in the schematic drawing of the test setup. An 
extensometer was attached next to strain gages to check strain 
measurements. 
C.3 Testing Program 
Two sets of specimens (four per set) were fabricated and tested. 
Each test specimen was subjected to the loading pattern shown in 
Fig. C.2. The loading sequence consisted of two complete cycles of 
compression then tension loading to a load corresponding approximately 
with the tensile cracking load. The first two cycles were followed by 
two cycles of loading to the tensile yield load. Finally, specimens 
were loaded to failure in compression. 
displacement control. 
C.4 Test Results 
Tests were monitored under 
Axial load-elongation, and axial load-strain response of two of the 
eight specimens are shown in Fig. C.S. Elongation and strain values 
were the' average of measurements made by pairs of instruments. 
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Strength and yield capacity of specimens were determined using 
material stress-strain models shown in Fig. 5.4. Capacities are indi-
cated on plots in Fig. C.s. Uncracked and "fully-cracked" stiffnesses 
were determined from material properties and are also shown in 
Fig. C. 5 . 
Force-disp lacement and force-strain relationships exhibited the 
following: 
1. Mean strength attained by columns was 12 percent below cal-
culated strength. 
2. Mean yield capacity of columns was approximately the same as 
the calculated capacity. 
3. Measured strains and strains calculated from measured elon-
gations of column specimens showed good agreement during the 
first two cycles of loading. After that, strains calculated 
from elongations exceeded strains measured by strain gages by 
as much as 2.5 times. 
4. Specimens were apparently cracked before testing. No uncracked 
slope was observed in either direction of loading. 
s. Response to loading in the tensile direction followed approx-
imately the fully-cracked slope. 
6. Unloading from a net tension force was along a path nearly 
parallel to the line representing 
stiffness. 
fully-cracked section 
7. The slope of the response to loading and unloading 1n the 
"negative elongation" (shortening) range was approximately half 
of the slope of the line representing the uncracked stiffness. 
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This behavior was illustrated in the load-elongation plot. 
Higher stiffnesses were reflected by the load-strain plot. 
Compression strengths of specimens were lower than calculated 
strengths probably as a result of eccentricities of axial loads acting 
on the specimens. 
Load-axial deformation response of column specimens indicated that 
the axial stiffness of columns was lower (as much as 2.5 times lower) 
than that interpolated from load-axial strain response. 
Displacement 
Transducer 
Strain Gage 
(Front and Back) 
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Pul t 
Fig. C.2 Loading History 
Fig. C.3 Photograph of Reinforcement 
and Anchorage in Formwork 
Fig. C.4 Photograph of Experimental Setup 
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